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Plant environmental stress is the major restriction of today’s agriculture leading to substantial 
yield losses. Understanding how plants perceive environmental changes, how they respond to 
these alterations and eventually adapt to the stressor, is essential to resolve the plant’s 
mechanisms to cope with these unfavourable conditions. Progress in this research domain is 
indispensable considering the climate change and global warming.  
Owing to their sessile nature, plants have developed different strategies which they can exert to 
fight adverse environmental changes. Disadvantageous conditions can be caused by other 
organisms such as pathogenic bacteria, nematodes, insects, fungi or oomycetes, which are 
generally referred to as biotic stressors. On the other hand, abiotic stress groups all detrimental 
environmental elements such as drought, heat, salinity, cold, water logging, mineral deficiency, 
mineral toxicity, oxidative stress, … . During evolution, plants have established constitutive 
defences including physical (cell walls, trichomes) and chemical barriers (toxic compounds) as 
well as inducible defence mechanisms (synthesis of defence proteins, programmed cell death) 
which are triggered upon stress application. Under low environmental pressure, these induced 
defence mechanisms are wasteful and reduce the plant’s overall fitness, which makes the 
inducible defence mechanism a trade-off between the plant’s benefits and cost (Agrawal, 1999). 
This chapter will give a detailed overview of the mechanisms of plant defence with a special 
focus on the crop species soybean. 
1.1 Plant innate immunity 
1.1.1 Plant-pathogen interactions 
Though plants are continuously threatened by pathogens or other unfavourable conditions, they 
are able to cope because they have evolved an innate immune system that perceives attacks and 
translates the perception into an adaptive response in order to survive (Dangl and Jones, 2001; 
Jones and Dangl, 2006). The first line of plant defence acts at the plant cell wall and cell 
membrane when the plant senses the invading pathogen and is formed by pattern recognition 
receptors (PRRs). These cell surface transmembrane receptors are able to recognize pathogen-
associated molecular patterns (PAMPs) (Jones and Dangl, 2006). PAMPs are considered as 
conserved and widely distributed within a certain class of pathogens and contribute to general 
microbial fitness and survival (Nürnberger and Brunner, 2002). Microbe-associated molecular 
patterns (MAMPs) are comparable to PAMPs but originate from non-pathogenic microorganisms 
as these conserved molecules also occur in these organisms (Boller and Felix, 2009). Classical 
Chapter 1 
4 
examples of PAMPs/MAMPs include bacterial flagellins, lipopolysaccharides, peptidoglycans, 
fungal chitins and oomycete glucans (Felix et al., 1993, 1999; Dow et al., 2000; Gust et al., 2007; 
Silipo et al., 2009). In addition, many pathogens and insects use lytic enzymes to reinforce their 
entry in the plant cell. The degradation products that emerge in the apoplast upon enzymatic or 
mechanical damage serve as endogenous elicitors or damage-associated molecular patterns 
(DAMPs) and act synergistically with PAMPs and MAMPs (Lotze et al., 2007). Examples of 
DAMPs include cutin monomers, plant cell wall fragments and peptides derived from degraded 
or cleaved proteins (Schweizer et al., 1996; Ortmann et al., 2006; Albert, 2013). Recognition of 
PAMPs/MAMPs/DAMPs by PRRs activates PAMP-triggered immunity (PTI) thus blocking 
further infection and is effective against most microbes (Figure 1.1A).  
However, successful virulent pathogens are able to suppress PTI by employing specific effectors 
to target signalling components. In this way, pathogen virulence is promoted, resulting in 
interference of PTI responses and subsequent effector-triggered susceptibility (ETS) (Figure 
1.1B) (Jones and Dangl, 2006). Several pathogenic bacteria employ the type III secretion system 
and inject effectors directly into the host cytoplasm while other pathogens secrete effectors into 
the plant apoplast (Alfano & Collmer, 2004; Grant et al., 2006). Effectors from oomycetes and 
fungi are deliverd into the plant through haustoria, and nematodes and aphids use their stylet to 
deliver effectors into the plant while feeding (Bos et al., 2010; Koeck et al., 2011; Dangl et al., 
2013; Petre and Kamoun, 2014). Initially, plant resistance was explained by the gene-for-gene 
hypothesis (Flor, 1955). This hypothesis states that plant resistance or susceptibility is 
controlled by corresponding gene pairs. Assuming that the plant produces a specific R 
(resistance) gene, it will be resistant to a pathogen that expresses the corresponding avirulence 
(Avr) gene. Likewise, plants impaired of the R gene will be susceptible to the pathogen. The 
family of R genes is highly variable and specific R genes are found in only a few species. This can 
be via direct recognition of Avr proteins with R proteins (Keen, 1990; Joosten et al., 1994; Jia et 
al., 2000; Dodds et al., 2006). However, other mechanisms of indirect recognition have also been 
described. In this case, the interaction of the Avr proteins with specific targets can lead to a 
modification of the target, which is subsequently perceived by the R protein, ultimately leading 
to the plant defence response (Dangl and Jones, 2001). Nowadays, the term “effector” is more 
frequently used to refer to the pathogenic proteins originally called Avr proteins (Grant et al., 
2006). Most R genes encode NB-LRR proteins, named after their nucleotide-binding (NB) and 
leucine rich repeat (LRR) domain. The specific interaction between the effector and the NB-LRR 
protein leads to effector-triggered immunity (ETI) (Figure 1.1C). Compared to PTI, the ETI 
response occurs more quickly and it is more prolonged and robust. Typically, ETI leads to 
localized programmed cell death of host cells through activation of the hypersensitive response 
(HR) and is associated with systemic acquired resistance (SAR), which refers to the mechanism 
of induced defence in distal parts of the plant to establish protection against the pathogen (see 
1.1.5). Finally, natural selection can help pathogens to suppress ETI by altering the effector or 
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acquiring other effectors. Ultimately, ETI will be triggered all over again when this new effector 
is recognized by newly evolved NB-LRR and R proteins (Jones and Dangl, 2006). 
Figure 1.1: Schematic representation of the plant immune system. A) Upon pathogen attack, 
perception of PAMPs (blue circles) by PRRs leads to PTI. B) Subsequent suppression of PTI by 
virulent pathogens is achieved by employment of effectors (purple stars) and results in ETS. C) 
As a response, plants exert R proteins that recognize these effectors, finally resulting in ETI 
(redrawn from Pieterse et al., 2009). 
As stated in the zigzag model, PTI and ETI are two distinct defence responses. This discrepancy 
however, does not hold true for many identified defence components. As reviewed by Thomma 
et al., (2011), several PAMPs display a narrow distribution while some effectors can also be 
conserved between distinct species. Moreover, next to the effectors, some PAMPs were also 
shown to contribute to pathogen virulence. Further, depending on the specific interaction, both 
PTI and ETI can be considered strong or weak. Since effectors and PAMPs may share some 
properties, it is put forward that a continuum of both PTI and ETI activate plant defence 
signalling pathways and that these two defence components share an integrated signalling 
network (Thomma et al., 2011). 
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1.1.2 ROS and Ca2+ signalling are part of the plant immune system 
In the last couple of years, it has become more clear that reactive oxygen species (ROS) 
production and calcium signalling are important aspects of plant immunity (Atkinson et al., 
1990; Kimura et al., 2012; Sewelam et al., 2016; Torres, 2010). Together with apoplastic 
alkalinisation and activation of the mitogen-activated protein kinase (MAPK) cascade (see 1.1.3), 
ROS and calcium are part of the initial plant defence response (Meng and Zhang, 2013). Fast 
upon PAMP perception by PRRs, flux changes of H+, K+ and Ca2+ lead to apoplastic alkalinisation 
(Garcia-Brugger et al., 2006). Subsequently, Ca2+ influx into the cytoplasm increases via calcium 
channels and pumps, leading to elevated cytoplasmic Ca2+ (Dodd et al., 2010). Upon generation 
of the Ca2+ flux, calcium-dependent protein kinases (CDPKs) and MAPK cascades trigger the 
expression of defence genes (e.g. WRKY transcription factors) which in turn leads to an 
enhanced defence response (Dubiella et al., 2013). ROS are produced during normal metabolic 
processes but are accumulated upon biotic and abiotic stress. Production of ROS at the cell 
surface is known as oxidative burst and one of the earliest detectable responses as part of the 
plant defence. In the last years, it became clear that ROS and calcium signalling are tightly 
connected. At first, oxidative burst is unspecific as it is induced by both biotic as abiotic stresses. 
In a later phase, prolonged ROS accumulation is associated with ETI and the onset of the HR 
(Grant & Loake, 2000; Macho & Zipfel, 2014; Wojtaszek, 1997). Elevated ROS levels can reinforce 
cell walls, serve as signalling molecules that induce resistance and facilitate cell death (Stael et 
al., 2015). Plant NADPH oxidases, known as respiratory burst oxidase homologs (Rbohs) are 
involved in ROS production and 10 Rboh genes were identified in Arabidopsis (Torres & Dangl, 
2005; Torres et al., 2002). More specifically, RbohD, one of the Arabidopsis homologs, was shown 
to be responsible for apoplastic ROS burst in response to recognition of PAMPs by PRRs and ROS 
production during ETI (Suzuki et al., 2011; Torres et al., 2002). Recently, Morales and co-
workers demonstrated that the expression level and localization of RbohD are particularly 
responsible for H2O2 accumulation in response to pathogens (Morales et al., 2016). The 
production of ROS by RbohD is highly regulated by Ca2+ and enhanced ROS levels cause opening 
of the calcium channels and generation of Ca2+ signalling. Vice versa, ROS signalling can be 
triggered by changes of Ca2+ (Miller et al., 2009; Suzuki et al., 2011; Gilroy et al., 2014). Recently, 
a working model (Figure 1.2) of cell-to-cell communication involving both Ca2+ and ROS was 
presented (Dubiella et al., 2013; Miller et al., 2009; Mittler et al., 2011; Torres et al., 2005). In the 
infected cell, Ca2+ accumulates and triggers ROS production by RbohD via CDPKs. The produced 
ROS in the apoplast will trigger surrounding cells to induce Ca2+ release in the cytosol, initiating 
systemic auto propagating ROS and Ca2+ waves, which travel from the infection site to other 
parts of the plant.  
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Figure 1.2: Schematic representation of the ROS and calcium signalling network in 
Arabidopsis. Apoplastic ROS is mainly produced by RbohD, a membrane-bound NADPH oxidase. 
ROS enters surrounding cells and triggers intracellular signalling pathways including MAPK 
induction, production of salicylic acid in the chloroplast and activation of Ca2+-channels resulting 
in elevated calcium concentrations in the cytoplasm. Ca2+ signalling to neighbouring cells 
through the plasmodesmata is also involved in ROS production as the Ca2+ release in the cytosol 
activates CDPKs to initiate ROS production by RbohD (redrawn from Gilroy et al., 2014). 
More in depth analysis of the ROS wave suggests that electric signals are also integrated in the 
ROS and Ca2+ mediated cell-to-cell communication since the speed of ROS and Ca2+ waves are 
faster than diffusion (Mittler et al., 2011; Suzuki et al., 2011; Dubiella et al., 2013; Gilroy et al., 
2014). Another indication of the involvement of the ROS-calcium network in the SAR in distal 
parts of the infected plant, is the demonstrated responsiveness of nonexpressor of pathogenesis-
related genes 1 (NPR1) to ROS. The triggered expression of defence-related genes causes 
increased salicylic acid (SA) levels in the chloroplast. Together with the waves of calcium fluxes 
and ROS, the SA signal could be transmitted from infected tissues to other parts of the plants as 
part of a cell-to-cell communication pathway in order to establish SAR (Spoel et al., 2009; 
Pajerowska-Mukhtar et al., 2013; Gilroy et al., 2014; Stael et al., 2015). 
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1.1.3 The MAPK pathway phosphorylates a cascade of signalling 
molecules 
MAPK mediated signalling pathways are considered universal signal transduction mechanisms 
that function downstream of different receptors and convert signals generated at the receptors 
into cellular and nuclear responses. Recently, MAPK cascades were found to be involved in 
hormonal responses, abiotic stress signalling and plant defence mechanisms (Tena et al., 2001). 
MAPKs are activated by their upstream kinases: MAPK kinases (MAPKKs) and MAPK kinase 
kinases (MAPKKKs). Initially, MAPKKKs are triggered and phosphorylate downstream MAPKKs, 
which in turn phosphorylate MAPKs. All together, the three kinase cascades are known as MAPK 
cascades (Meng and Zhang, 2013). Our understanding on MAPK signalling cascades remains 
limited since there are over 20 MAPK pathways in Arabidopsis and only a small subset has been 
resolved so far (Wrzaczek and Hirt, 2001). The high number of MAPK components suggests that 
MAPK cascades might be quite complex (Meng and Zhang, 2013). Transmission of oxidative 
signals is controlled by protein phosphorylation through MAPK cascades and MAPK activation is 
considered to positively trigger calcium and ROS signalling in Arabidopsis (Kimura et al., 2012; 
Sewelam et al., 2016). During pathogen infection, several PRR were shown to trigger MAPK 
signalling upon perception of certain PAMPs. Through phosphorylation of target proteins, 
MAPKs control the induction of defence genes, ROS generation, synthesis of defence hormones 
(SA, jasmonic acid (JA), ethylene (ET)), stomatal closure and HR-associated cell death (Meng and 
Zhang, 2013). Examples are phosphorylation of a bZIP transcription factor by MPK3, resulting in 
the activation of pathogenesis-related (PR) genes; activation of defensin genes PDF1.2a and 
PDF1.2b upon phosphorylation of ERF104 by MPK6 and phosphorylation of WRKY33 by MPK3 
and MPK6 in response to pathogen infection (Djamei et al., 2007; Bethke et al., 2009; Mao et al., 
2011). Similarly, MAPK cascades can also be triggered in ETI when R proteins recognize 
pathogenic effectors. However, pathogens also employ effectors to suppress MAPK cascades or 
upstream signalling components to promote pathogen virulence (Meng and Zhang, 2013). 
1.1.4 Callose and plant defence 
Callose is a plant polysaccharide and widespread in land plants as a component of the cell wall. 
Callose plays an important role in cell plate formation and pollen development (Chen & Kim, 
2009; Li et al., 2012). Moreover, callose is deposited at the plasmodesmata as part of the plant 
defence response upon wounding, pathogen infection or abiotic stress (Chen & Kim, 2009). 
Usually, callose deposition is triggered by PAMPs such as bacterial flagellin or fungal chitin but 
DAMPs as oligogalacturonides can also activate callose deposition (Gómez-Gómez and Boller, 
2000; Ridley et al., 2001; Iriti and Faoro, 2009). It was shown that depending on the type and 
properties of the PAMPs/DAMPs, different pathways are activated, indicating that callose 
deposition is regulated by multiple signalling pathways (Luna et al., 2011). 
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1.1.5 Systemic acquired resistance 
SAR refers to the defence mechanism that provides protection of the whole plant against a broad 
spectrum of pathogens following a localized pathogen infection (Durrant and Dong, 2004). SAR 
can be activated by ETI or by avirulent pathogens causing local programmed cell death. SAR is 
characterized by elevated levels of the defence hormone SA and expression of PR genes at the 
initial infection site as well as in uninfected tissue (Park et al., 2007). The produced methyl-SA at 
the infection site moves through the plant via plasmodesmata or the phloem (Kiefer and 
Slusarenko, 2003; Park et al., 2007). In Arabidopsis, NPR1 (nonexpressor of PR genes 1) is 
required for basal resistance and an important regulator of SAR. As a consequence of elevated 
SA levels in the cytosol, cytosolic NPR1 oligomers are broken down upon which NPR1 
monomers migrate to the nucleus (Tada et al., 2008). It was recently reported that once inside 
the cell nucleus, SA directly binds NPR3 and NPR4, two NPR1 paralogs, each with different 
affinity (NPR4 binds SA with higher affinity than NPR3). Furthermore, NPR3 and NPR4 promote 
degradation of NPR1 as they are adaptors of E3 ubiquitin ligases and recognize and recruit NPR1 
for proteasomal degradation, thereby suppressing SA-dependent defences (Fu et al., 2012). This 
seems counterintuitive, but prevents the activation of high energy consuming defence responses 
in all parts of the plant. It is hypothesized that in healthy plant tissue, SA accumulates to basal 
levels and NPR1 is targeted for proteasomal degradation by NPR4, ensuring a basal resistance 
but preventing HR and cell death (Figure 1.3A). During pathogen infection, higher SA levels are 
found in both infected tissue and in other parts of the plant, with the highest concentration in 
the infected cells. In these locally infected tissues, the high SA concentration promotes NPR1 
monomers to enter the nucleus where NPR1 is targeted for proteasomal degradation though 
interaction with NPR3, subsequently leading to activation of the HR and localized programmed 
cell death, thereby preventing further SA-dependent defences to occur (Figure 1.3B) (Fu et al., 
2012). In uninfected neighbouring cells (Figure 1.3C), SA is accumulated at lower levels, leading 
to weakened NPR1-NPR3 and NPR1-NPR4 interactions, and finally resulting in NPR1 
accumulation. NPR1 was also shown to interact with SnRK2.8, a SNF1-related (sucrose 
nonfermenting protein) protein kinase in a SA-independent manner. Following SnRK2.8-
mediated phosphorylation of NPR1 during SAR, NPR1 is transported to the nucleus. Next, NPR1 
binds to transcription factors (TF) and establishes SAR, including the expression of antimicrobial 
PR genes and the expression of ER genes to facilitate protein secretion. Contrary to the 
responses in infected cells, the HR and localized cell death do not develop in distal cells and the 
cells survive (Cao et al., 1994; Fu et al., 2012; Spoel et al., 2009; Fu & Dong, 2013; Lee et al., 
2015). 
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Figure 1.3: Schematic representation of systemically induced immune responses in 
Arabidopsis. A) Basal resistance in normal conditions is realized through degradation of NPR1 
upon targeting by NPR4 under basal levels of SA. B) NPR3 driven NPR1 degradation is promoted 
in presence of high SA levels in infected cells and results in ETI and programmed cell death. C) 
The lower SA levels in neighbouring cells limit NPR1-NPR3 interactions, allowing NPR1 
accumulation to induce SAR but inhibit cell death (redrawn from Fu & Dong, 2013; Fu et al., 
2012). 
1.2 Plant defense in soybean 
The identification of the different components of the plant’s defence system has mainly focused 
on Arabidopsis as a model system, but it is believed that the general concepts of plant defence 
are conserved within the plant kingdom. Some soybean-associated elicitors have already been 
identified a long time ago. Studies of the soybean – Phytophthora sojae interaction resulted in the 
identification of glucan heptamer and Pep-13 as successful elicitors (Ayers et al., 1976; Sharp et 
al., 1984; Brunner et al., 2002; Schwessinger and Ronald, 2012). Flagellin was shown to act as a 
PAMP in Pseudomonas syringae pv. glycinea infection of soybean. However, glycosylation of 
flagellin changed the compatibility between the bacteria and soybean, illustrating the ability of 
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pathogens to modify PAMPs in order to escape PTI (Takeuchi et al., 2003; Schwessinger and 
Ronald, 2012). Both for Pseudomonas syringae pv. glycinea and Phytophthora sojae, several 
effectors have been identified (Chen et al., 2010; Dong et al., 2011; Li et al., 2013; Ma et al., 2015; 
Qiao et al., 2013; Staskawicz et al., 1987; Zhang et al., 2015). In soybean, peptides were also 
recognized as part of the plant’s immune system. At least three endogenous peptide elicitors 
(GmPep914, GmPep890 and GmSubPep) have been described so far. These peptides trigger 
extracellular alkalinisation and induce the expression of defence genes (Pearce et al., 2010; 
Yamaguchi et al., 2011; Albert, 2013). A global analysis of the MAPK gene family in 40 different 
plant species revealed that the soybean genome contained the highest number of MAPK genes 
(31), suggesting that the regulation of the MAPK cascade in soybean is more complicated than in 
Arabidopsis. The high number of paralogs in soybean is possibly due to the extensive duplication 
events that occurred in the soybean genome (Schmutz et al., 2010; Mohanta et al., 2015). 
Investigation of the functions of the MAPK cascade in soybean indicates that GmMPK4s are 
negative regulators of defence responses and negatively regulate SA accumulation, but positively 
regulate growth and development, similar to the function of MPK4 in Arabidopsis (Liu et al., 
2011). Resistance towards the soybean mosaic virus (SMV) is governed by three dominant loci 
(Rsv1, Rsv3 and Rsv4) but none of them confers resistance towards all SMV strains (Chowda-
Reddy et al., 2011; Zhang et al., 2012a; Cervantes-Martinez et al., 2015). The SAR mechanism 
was studied upon SMV infection of soybean plants and demonstrated that a HR was induced and 
PR1 transcription levels were upregulated by both viral infection and SA treatment (Hajimorad 
and Hill, 2001). This could point to a comparable SAR pathway in soybean as the one 
characterized in Arabidopsis. Soybean contains two proteins homologous to Arabidopsis NPR1. 
Complementation analyses in the Arabidopsis npr1-1 mutant in which the GmNPR1-1 and 
GmNPR1-2 genes were expressed under control of their native promoter, show that SAR was 
induced upon Pseudomonas infection. These results suggest that the GmNPR1-1 and GmNPR1-2 
proteins can possibly regulate the SAR pathway in soybean (Sandhu et al., 2009). Similar to 
Arabidopsis, callose deposition at the plasmodesmata was also reported as part of the defence 
response in soybean as it restricts further movement of the soybean mosaic virus (Li et al., 
2012). 
1.2.1 Biotic stress 
The concept and definition of ‘plant stress’ has been the subject of much debate. It has been 
defined by Lichtenthaler as “any unfavourable condition or substance that effects or blocks a 
plant’s metabolism, growth or development” while Lacher describes it as “changes in physiology 
that occur when species are exposed to extraordinary unfavourable conditions that need not 
represent a threat to life but will induce an alarm response” (Lichtenthaler, 1998; Gaspar et al., 
2002; Kranner et al., 2010). The distinction between biotic and abiotic stress is clear. Biotic 
stress is plant stress caused by other organisms including bacteria, nematodes, insects, fungi, 
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oomycetes, viruses … as opposed to abiotic stress which is provoked by non-living factors. The 
discussion below will be limited to the soybean specific biotic stress factors used in this PhD 
thesis. 
1.2.1.1 Phytophthora 
Oomycetes are fungus-like eukaryotic organisms that belong to the Stramenopiles and are 
related to diatoms and brown algae (Gunderson et al., 1987; Jiang and Tyler, 2012). Many plant 
destructive pathogens belong to this genus, including Pythium and Phytophthora species. More 
than 120 different Phythophthora species were described such as Phytophthora infestans, 
Phytophthora ramorum, and Phytophthora sojae, causing potato late blight, sudden oak death 
and soybean root and stem rot, respectively (Kroon et al., 2012). Different Phytophthora species 
can have a different biology. Some species like P. infestans are heterothallic and require two 
different mating types for successful mating while others like P. sojae are homothallic, producing 
oospores in single culture. 
Phytophthora sojae (previously known as P. megasperma var. sojae or P. megasperma f. sp. 
glycinea) is considered the 5th most important oomycete based on scientific and economic 
importance (Kamoun et al., 2015). Phytophthora sojae and soybean cyst nematode infections are 
the most damaging pathogens that soybean is confronted with, resulting in substantial yield 
losses. In 2014, yield losses in the US caused by Phytophthora sojae and soybean cyst nematode 
infections were estimated at 877 and 354 million tonnes, respectively (Wrather and Koenning, 
2006). P. sojae infections typically initiate belowground (Figure 1.4). When the humidity is high, 
oospores present in the soil will germinate and form sporangia. These sporangia release 
zoospores that encounter the plant surface. As a hemibiotroph, P. sojae employs a two-stage 
infection strategy. In a first stage, zoospores encyst and germinate, and appressoria are quickly 
formed from the emerging germ tube. Following penetration of the epidermal cells or through 
entry between cells by appressoria, vegetative hyphae are generated and grow intracellularly. 
Haustoria, side branches from hyphae, are observed during oomycete colonization in the initial 
biotrophic phase of the infection. Later, when the hyphae have heavily entered the root tissue, 
necrotrophy is observed. The plant debris of infected plants is left in the soil and the oospores, 
present in these tissues, gives rise to the start of a new infection cycle (Fawke et al., 2015). Due 
to its narrow host range, economical damage due to P. sojae is limited to soybean (Kamoun et al., 
2015). 
Haustoria are specialized structures developed by P. sojae during infection. Upon penetration of 
the cell wall, the pathogen invaginates the plasma membrane of the host and a haustorium is 
formed. The haustorium is surrounded by the extra-haustorial matrix and the extra-haustorial 
membrane, separating the P. sojae specific structures from the plant’s cytoplasm. Originally, 
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haustoria were characterized as feeding structures and a source of nutrient uptake from the host 
plant. More recently, evidence has emerged that the pathogen uses haustoria to secrete effectors 
that suppress host defences (Hahn and Mendgen, 2001; Catanzariti et al., 2007). The 
mechanisms used by Phytophthora to enable the translocation of effectors from haustoria to the 
plant cytoplasm are not yet discovered (Jing et al., 2016). 
Figure 1.4: Infection cycle of Phytophthora sojae on soybean. Figure adjusted from the 
American Phytopathological Society (www.APSnet.org) 
Management of Phytophthora infections in soybean has predominantly relied on cultivation of 
resistant cultivars (Kamoun et al., 2015). Research of the soybean - Phytophthora sojae 
interaction focused on host resistance and mechanisms of pathogen infection and virulence 
(Gijzen & Qutob, 2009; Tyler, 2007). P. sojae was one of the first oomycetes to have its genome 
sequenced resulting in rapid progress of our understanding of plant immunity (Tyler et al., 
2006). According to the gene-for-gene hypothesis, a plant will be resistant to a pathogen when it 
possesses an R gene complementary to a pathogen Avr gene. To date, at least twelve Avr genes 
have been identified in the P. sojae genome, corresponding to fourteen soybean specific R genes 
(Burnham et al., 2003; Fawke et al., 2015; Gijzen & MacGregor, 1996; May et al., 2002; Tyler, 
2002; Whisson et al., 1994). Recently, an adapted CRISPR/Cas9 system was described, enabling 
gene targeting to Phytophthora sojae. This new and powerful tool will help functional analysis of 
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this oomycete and can provide new opportunities for better control of P. sojae in the future 
(Fang and Tyler, 2016). 
1.2.1.2 Aphids 
Classified as herbivores, aphids are potent pests that feed on the phloem of vascular plants. 
While feeding, aphids inject specific salivary compounds in the plant cell to suppress the defence 
response. Aphids are also known to transmit plant pathogenic viruses, such as the SMV (Ng and 
Perry, 2004; Wang et al., 2006; Elzinga and Jander, 2013; Züst and Agrawal, 2016). Aphis glycines 
or the soybean aphid (Figure 1.5) is a specialist aphid that originates from Asia, but also occurs 
in North America since 2000. It is the economically most important insect pest of soybean plants 
in the United States, causing plant stunting, leaf discolouration and plant death upon extreme 
infestation (Hill et al., 2004; Mensah et al., 2005; Ragsdale et al., 2007, 2011). Extended aphid 
feeding negatively affects yield with losses as much as 50 to 75 %, depending on the 
developmental stage of the soybean plant. Especially during the reproductive stage, soybean 
plants are highly susceptible to aphid infestation which can lead to abortion of flower 
development and pod formation (Ragsdale et al., 2007; Catangui et al., 2009). 
Figure 1.5: Aphis glycines adult on a soybean leaf (scale bar represents 0.1 mm) 
In 2004, plant resistance to the soybean aphid was first described and was due to the presence 
of the Rag1 resistance gene in the soybean plant (Hill et al., 2004; Li et al., 2007). Later, a second 
resistance gene Rag2 was identified and mapped (Hill et al., 2009). Simultaneously, virulent 
aphid biotypes were described that could successfully overcome Rag1 or/and Rag2 resistance 
(Hill et al., 2010; Kim et al., 2008). 
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Using their stylets, aphids initially probe plants by puncturing cells to assess feeding suitablilty 
(Powell et al., 2006). After initial quality assessment, aphids penetrate the apoplast with their 
stylet and move it between cells on their way to the sieve tubes of the phloem. Simultaneously, 
aphids exude gelling saliva into the intercellular space and watery saliva is secreted 
alternatingly with sap ingestion (Prado and Tjallingii, 2007). The saliva and damage to plant 
cells caused by aphids are triggers to activate PTI but the excreted saliva also contain effectors to 
modulate plant response upon aphid feeding (Moran and Thompson, 2001; Züst and Agrawal, 
2016). 
1.2.1.3 Hormone crosstalk and biotic stress 
Phytohormone signalling mediates the plant’s responses in plant-pathogen/insect interactions. 
Classically, SA signalling is triggered by biotropic and hemibiotrophic pathogens while the JA 
and ET signalling pathways are activated upon infection by necrotrophic pathogens or chewing 
herbivores. Intriguingly these two signalling cascades work antagonistically as activation of SA 
signalling triggers suppression of JA biosynthesis, and vice versa (Kessler and Baldwin, 2002; 
Glazebrook, 2005). However, recent progress revealed that next to SA, JA and ET, also ABA, 
auxin, cytokinins and brassinosteroids contribute to the plant’s defense (Robert-Seilaniantz et 
al., 2011).  
In the Arabidopsis – Myzus persicae interaction, aphid feeding induces the activation of both the 
SA and the JA signalling pathway (Moran and Thompson, 2001; Mewis et al., 2005). However, SA 
is not a key player in the Arabidopsis defense against Myzus persicae since the population size on 
SA insensitive or deficient mutants was comparable to those on wild type plants (Moran and 
Thompson, 2001; Mewis et al., 2005; Pegadaraju et al., 2005). De Vos & Jander confirmed that 
saliva-induced resistance against Myzus persicae is independent of the SA, JA or ET pathway, 
suggesting that other genes should be involved (De Vos and Jander, 2009). In the soybean-Aphis 
glycines interaction, the role of JA and SA is not completely clear and further research is needed 
to elucidate the mode of action in this specific interaction (Kanobe et al., 2015). 
Similar to other hemibiotrophs, resistance to Phytophthora sojae is mediated by the SA signalling 
pathway (Moy et al., 2004; Sugano et al., 2013) and induction of SAR is regulated by the NPR1 
gene (Sandhu et al., 2009). Using comparative transcriptomics, these findings were confirmed 
and show that next to SA, also ET and brassinosteroid pathways were activated and the JA 
pathway is suppressed upon succesfull recognition of the Rps proteins with P. sojae effectors 
(Lin et al., 2014b). 
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1.2.2 Drought as critical abiotic stress factor 
Abiotic stresses including salinity, drought, cold, heat, radiation, heavy metals … are major 
limitations in crop production worldwide. It is predicted that osmotic stress in particular will 
continue to be a major agricultural challenge in our changing climate (Ahuja et al., 2010). For 
soybean, drought can reduce yield as much as 40 % with the most detrimental effects occurring 
during early reproductive growth (flowering and pod development) (Specht et al., 1999). 
Different mechanisms are used by plants to cope with drought stress: drought escape, drought 
avoidance and drought tolerance (Turner et al., 2001). An example of drought escape is growing 
short season soybean cultivars. When planting early in the season, the plants reach the 
reproductive stage earlier, preventing yield losses caused by drought since seeds already started 
to develop before the period of possible drought (Manavalan et al., 2009). Drought avoidance, a 
second mechanism, implicates the maintenance of the plant’s high water status by efficient 
water absorption from the roots or by reduction of evaporation/transpiration from aerial parts 
of the plant. When applying the drought tolerance mechanism, plants maintain turgor and 
continue metabolism at a lower water potential by the production of osmoprotectants (Nguyen 
et al., 1997; Manavalan et al., 2009). Figure 1.6 gives a summary of the different defence 
mechanisms that are generally activated in the plant in response to drought stress.  
The first step is the perception of drought by specific histidine kinase (HK) osmoreceptors in the 
roots. In Arabidopsis, AtHK1 is a positive regulator of drought stress, activating abscisic acid 
(ABA) synthesis and ABA-responsive TFs (Tran et al., 2007; Wohlbach et al., 2008). Increased 
ABA levels in guard cells regulate stomatal closure (Finkelstein et al., 2002; Umezawa et al., 
2006) and binding of ABA to specific receptors inhibits the activity of PP2Cs (protein 
phosphatase 2C), negative regulators of ABA signalling (Hubbard et al., 2010). In turn, members 
of the SnRK2 family are activated which results in a stimulated K+ efflux and H2O2 production. 
Ca2+ import in the cytoplasm is mediated by the produced H2O2 and activates downstream 
CDPKs, ultimately resulting in water efflux, turgor reduction and subsequent stomatal closure 
(Fujita et al., 2009; Harrison, 2012; Hubbard et al., 2010; Liu et al., 2003). Upon drought-induced 
ABA production, multiple genes are activated by ABA-mediated regulation of TFs through 
binding to ABA-responsive elements (ABREs) (Golldack et al., 2014; Kim et al., 2011). The 
corresponding proteins contribute to an array of biochemical pathways to enhance stress 
tolerance and ultimately plant survival (Shinozaki and Yamaguchi-Shinozaki, 2000; Wang et al., 
2003; Valliyodan and Nguyen, 2006). However, there are also ABA-independent pathways to 
regulate abiotic stress tolerance in plants. Key players in this mechanism are DREBs or 
dehydration-response element binding proteins, a group of TFs that improve abiotic stress 
tolerance by interacting a DRE/CRT (dehydration-responsive/C-repeat) element in the 
promoter of abiotic stress inducible genes in an ABA-independent manner (Yamaguchi-
Shinozaki and Shinozaki, 2006; Nakashima et al., 2014). In agreement with the mechanisms in 
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Arabidopsis, GmDREB2, a soybean homolog of the AtDREB, was also shown to enhance the 
survival of transgenic plants under abiotic stress conditions (Chen et al., 2007). Experiments 
with drought tolerant plants have indicated that these plants are frequently also improved in 
tolerance to chilling, freezing, salt and in some case even to heat stress, pointing out much wider 
implications for drought tolerance (Zhu, 2001). 
Figure 1.6: Overview of the different plant responses associated with drought stress. The 
complex of molecular responses includes the production of osmoprotectants (such as proline 
and threhalose) and antioxidants (such as glutathione peroxidase and superoxide dismutase) 
that detoxify plants by ROS scavenging. Various ion pumps and channels help to re-establish 
homeostasis partially by blockage of Na+ entry in the cell and molecular chaperones, a 
ubiquitous group of proteins, are involved in protein stabilization and refolding (redrawn from 
Manavalan et al., 2009). 
Plant responses to drought and salt stress are closely related and share similar signalling 
pathways (Zhu, 2002). Similar to drought, salt stress leads to ion imbalances and hyperosmotic 
stress which in turn results in the activiation of the same mechanisms described in Figure 1.6 
upon perception of drought stress (Golldack et al., 2011, 2014). Members of the bZIP TFs are 
involved in both salt- and drought stress regulatory mechanisms. bZIP24, for example, is a key 
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regulator of salt stress adaptation while AREB1-2 regulate ABA signalling in response to drought 
(Yang et al., 2009; Yoshida et al., 2010) 
Traditionally, the plant hormones SA, JA and ET are linked to biotic stress while ABA was shown 
to be involved in response to abiotic stress. However, more and more evidence indicates that all 
plant hormones are directly or indirectly involved in multiple pathways (Miura and Tada, 2014; 
Kazan, 2015). Recently, it was shown that in Arabidopsis, wheat and rice, the JA pathway 
positively regulates salt and drought tolerance (Çevik et al., 2012; Toda et al., 2013; Zhao et al., 
2014). So far, there are no reports of similar signalling pathways in soybean. The role of the ET 
pathway in salt and drought stress is more complex than the JA pathway. ET can both positively 
or negatively affect plant stress tolerance. Promoter analysis of GmEFR7, a soybean ERF 
(ethylene-response factor) TF showed enhanced promoter activity upon drought, salt and ET 
treatment, indicating a role in plant salt stress. Overexpression of GmERF7 in tobacco confirmed 
the enhanced salt tolerance in transgenic lines (Zhai et al., 2013). Similarly, overexpression of 
two soybean ERF genes (GmERF057 and GmERF089) promoted tolerance to drought and salt 
stress in tobacco plants ( Zhang et al., 2008). The effect of SA on the plant’s tolerance to abiotic 
stress is determined by its concentration. Low SA levels improve plant tolerance to abiotic stress 
while high concentrations or continuous SA application reduce tolerance by induction of 
oxidative stress (Miura and Tada, 2014).  
1.2.3 Impact of the environment on soybean yield 
With a world production of about 320 million metric ton in 2015, soybean is one of the 
economically most important crops worldwide with the United States and Brazil as the two 
major producers (USDA-a). In Western Europe, including Flanders, there is a growing interest in 
the production of protein-rich crops such as soybean and sorghum because this could make this 
region less dependent on import (ILVO, 2013). Unfortunately, soybean yield is hampered by 
various biotic and abiotic factors, the most important ones being drought, Phytophthora sojae 
causing stem and root rot and seedling death, and the soybean cyst nematode, Heterodera 
glycines. In 2014, the annual estimated soybean yield reduction caused by pathogens and 
diseases was 13.5 million tonnes in the United States alone (University of Illinois Departement of 
Crop Sciences). The estimated yield suppression in the US due to drought mainly depends on the 
weather conditions. In 2012, the US experienced the most severe and extensive drought 
conditions in the last 25 years. This drought resulted in yield losses up to 30 % (University of 
Missouri Integrated Pest Management). Considering the continuous negative impact of (a)biotic 
stress factors on soybean agriculture, a better understanding of the perception of these adverse 
conditions by the plant is necessary to contribute to new strategies for improvement of 
environmental tolerance in crops. 
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Scope 
Do plants get stressed? Some might consider this a funny question. When we think of stress, 
plant stress is definitely not the first thing that comes to our mind. People might associate stress 
with tight deadlines at work, pressure of examinations or personal problems. Though, stress is 
not all bad. In fact, it allows us to react to new situations. The “fight or flight” response, as it is 
called, is a physiological reaction that occurs when the body perceives a harmful danger or 
threat for which immediate action is needed. Interplay of hormonal signals results in an elevated 
heart rate, blood pressure and respiration rate to make sure the body is ready to fight the 
dangerous situation in order to survive. The same goes for plants, they are also capable of 
sensing a changing environment such as rising temperature, drought, pathogen infection or 
insect infestation. Unlike mammals, plants are stuck wherever they grow and they cannot flee 
the adverse environment they are confronted with. Yet, plants are not fighting a losing battle and 
developed a sophisticated protection system which enables them to recognize disadvantageous 
situations, alter hormone crosstalk and adapt to adverse growth conditions. Unfortunately, the 
triggered defence response comes at a high price and causes substantial yield losses. Plants are 
at the base of the food chain and as the world population is expected to grow towards 10 billion 
people by 2050, agriculture is facing major challenges. To meet the demand by 2050, it is 
suggested that we need a 70 percent increase in current agricultural activity. However, this does 
not take into consideration the potential negative effects of global warming on agriculture. What 
is more, the available agricultural land is decreasing due to desertification, urbanization or soil 
fertility exhaustion. It is certain that the way we are producing food has to change and there is 
growing interest in producing stress-tolerant crops that can better withstand extreme 
conditions. The first step is to focus on a better understanding how the plant senses stress. If we 
gain insight in the genetic, biochemical and cell biological changes that take place, this 
knowledge can be used to develop modified crops with improved traits that can more effectively 
resist unfavourable conditions.  
The major aim of this PhD was to study the importance of Nictaba-like lectins in soybean by 
investigating the physiological role of these proteins in the plant. 
The family of Nictaba-like lectins in soybean groups all proteins homologous to the jasmonate 
and herbivory inducible tobacco lectin (Nicotiana tabacum agglutinin), Nictaba abbreviated. This 
lectin was one of the first plant lectins that was shown to locate to the nucleus and the cytoplasm 
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of plant cells. Furthermore, the expression of Nictaba is specifically regulated by environmental 
stresses, such as insect herbivory. This study focuses on soybean, an important crop, in which 
we identified several proteins with sequence homology to Nictaba. At present only a few 
Nictaba-related proteins have been studied at protein level. Data are available only for one 
protein from Arabidopsis (in particular F-box-Nictaba encoded by At2g02360) and one protein 
from tobacco (Nictaba). However, it remains to be shown whether Nictaba orthologs in other 
species (such as soybean) have similar biological properties as the lectin from tobacco.  
The first goal of this PhD thesis was to investigate the abundance and the expansion pattern of 
lectin genes in soybean. A survey was performed to identifty genes containing lectin domains 
belonging to one of the twelve plant lectin families described to date. Previous research showed 
that Nictaba-like genes are present in Arabidopsis, rice, cucumber, tomato and some lower plant 
species. Hence, it is suggested that this type of lectin gene is widespread in the plant kingdom. To 
further explore the omnipresence of Nictaba-like genes a survey of the genome sequences of 
several important crops was performed, with a special focus on different legume species and on 
soybean in particular. 
The second aim of this work was to determine where and when the Nictaba-like genes are 
expressed. Therefore, the expression analysis of the genes at tissue level and the subcellular 
localization of these proteins were investigated for the first time. 
The third objective of this research was to elucidate the role and mode of action of the Nictaba-
like proteins in planta. In an attempt to unravel the importance of Nictaba-related genes for 
soybean development the expression level of several Nictaba-like genes from soybean was 
studied upon application of various biotic and abiotic stress treatments. Next, Arabidopsis 
overexpression lines were generated and these plants were used to investigate if overexpression 
of the lectin gene leads to enhanced resistance of the plant towards pathogens and/or adverse 
conditions. 
2 
Distribution and evolution of the 
lectin family in soybean (Glycine max) 
This chapter is based on: 
Van Holle S & Van Damme EJM (2015) Distribution and evolution of the lectin family in 
soybean (Glycine max). Molecules, 20 (2), 2868 – 2891. 
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Abstract 
Lectins are a diverse group of proteins that bind specific carbohydrates and are found 
throughout all kingdoms. In plants, lectins are involved in a range of important processes such 
as plant defence and stress signalling. Although the genome sequence of Glycine max (soybean) 
has been available since 2010, little is known about the abundance and expansion patterns of 
lectin genes in soybean. Using BLAST and hidden Markov models, a total of 368 putative lectin 
genes have been identified in soybean. Furthermore, these sequences could be classified in nine 
of the twelve plant lectin families identified today. Analysis of the domain organization 
demonstrated that most of the identified lectin genes encode chimerolectins, consisting of one or 
multiple lectin domains combined with other known protein domains. Both tandem and 
segmental duplication events have contributed to the expansion of the lectin gene family. These 
data provide a detailed understanding of the domain architecture and molecular evolution of the 
lectin gene family in soybean. 
2.1 Introduction 
The legume family is the third largest family within the Angiospermae and represents the 
second economically most important plant family after the Poaceae. Next to their economic 
value, grain and forage legumes are of high nutritional value for humans and animals. 
Furthermore, most legume species facilitate nitrogen fixation through the formation of a 
symbiotic relationship with rhizobia resulting in nodule formation on the roots and enabling the 
plant to survive in soils with poor nitrogen content. Several legumes are considered high energy 
crops and are used for biofuel production (Biswas et al., 2011). These features explain the 
extensive efforts of many researchers to better understand legume biology and physiology. In 
the last couple of years, research has mainly concentrated on Medicago truncatula (barrel 
clover), Lotus japonicus (Japanese trefoil) and Glycine max (soybean). The latter species was the 
first legume to be sequenced completely at genome level, serving as a reference for other legume 
species (Schmutz et al., 2010). 
One of the economically most important crops is Glycine max with a world production of almost 
320 million metric ton in 2015 (USDA-a). Soybean seeds are used in particular for food and 
fodder because of the high protein content. Moreover soybean oil provides more than 28 % of 
the world’s processed vegetable oil (USDA-b). The seed oil content makes soybean an excellent 
candidate for the production of biofuel. However, if soybean would be grown for energy 
production, it should be grown on fertile land and would be competing with the land necessary 
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for food production (Biswas et al., 2011). In 2010 Schmutz and co-authors published the large 
scale shotgun sequence of Glycine max var. Williams 82. Approximately 950 megabases (Mb) is 
captured in 20 chromosomes, and an additional small number (22.9 Mb) is present in unmapped 
scaffolds that mostly consist of repetitive DNA. Similar to all other legume species, the polyploid 
soybean genome underwent a whole genome duplication (WGD) 59 million years ago (Mya) 
followed by a specific Glycine duplication approximately 13 Mya. These two WGDs were 
followed by chromosome rearrangements, gene diversification and gene loss, indicating that 
soybean is a diplodized ancient tetraploid with 20 chromosomes (Schmutz et al., 2010). Early 
2014, a new assembly (v2.0) of the soybean genome became available from Phytozome 
(http://phytozome.jgi.doe.gov/). This new release (Glycine max Wm82.a2.v1) replaced the first 
assembly and was constructed using the latest ARACHNE assembler. Phaseolus synteny and the 
available genetic maps for soybean have been used to identify false joins within the previous 
assembly. The new genome release of Glycine max comprises 955 Mb, assembled into 20 
chromosomes and 1170 unmapped scaffolds. 
Lectins are a diverse group of proteins of non-immune origin found in bacteria, fungi, viruses, 
plants and animals. They contain at least one non-catalytic domain, which enables them to bind 
reversibly to specific glycan structures. One class of plant lectins groups all carbohydrate-
binding proteins that are constitutively expressed in high numbers, especially in seeds and 
vegetative storage tissues. Evidence has been presented that these lectins combine a function as 
storage protein with a role in plant defence against herbivorous insects or animals. Most of these 
lectins are synthesized with a signal peptide and are directed to the secretory pathway 
(Peumans and Van Damme, 1995; Van Damme et al., 1998). In addition, plants can express 
specific lectins in response to certain stress conditions such as environmental changes or 
pathogen attack. In contrast to the abundant lectins, these inducible lectins are expressed in low 
concentrations, and reside in the nucleus and the cytoplasm of the plant cell. These low 
abundant lectins most probably interact with glycans inside the plant cell or at the plant cell 
wall, and as such trigger some signalling pathways in or between plant cells (Lannoo and Van 
Damme, 2010, 2014). Based on the sequence of their carbohydrate recognition domain (CRD), 
plant lectins can be classified into twelve families of evolutionary related proteins. In 
alphabetical order, these families are the following: the Agaricus bisporus agglutinin family, the 
amaranthins, the homologs of class V chitinases (CRA), the cyanovirin family, the Euonymus 
europaeus agglutinin family (EUL), the Galanthus nivalis agglutinin (GNA) family, the hevein 
family, the jacalin-related lectins (JRL), the legume lectins, the LysM domain lectin family, the 
Nictaba-like lectins (NLLs) and the ricin B lectin family (Van Damme et al., 2008). Each CRD is 
characterized by its amino acid sequence, structure of the binding site and typical folding of the 
polypeptide. Nevertheless, it has been shown that evolutionary related CRDs of the same family 
can bind different carbohydrates, which makes it impossible to classify lectins according to their 
carbohydrate-binding specificity. Moreover, most lectins not only consist of the CRD but also 
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contain one or more unrelated protein domains (Van Damme, 2014). This makes other attempts 
to classify plant lectins based on their carbohydrate-binding specificity (Jiang et al., 2010) or 
three-dimensional structure (Perez et al., 2015) less relevant. The first lectin to be cloned in 
1983 (Vodkin et al., 1983) is the classical soybean agglutinin (SBA). This glycoprotein is since 
considered as one of the best characterized plant lectins. SBA is a tetramer consisting of four 
identical 30 kDa subunits (Lis and Sharon, 1973; Lotan et al., 1974). Each subunit carries an N-
linked Man9(GlcNAc)2 chain (Lis and Sharon, 1978) and possesses one carbohydrate-binding 
site, specifically recognizing N-acetyl-D-galactosamine (GalNAc) and to a lesser extent D-
galactose (Pereira et al., 1974). The high mannose (Man) N-glycan is necessary for the correct 
folding and assembly of the different polypeptides (Nagai and Yamaguchi, 1993). The three-
dimensional structure of the tetrameric SBA represents a β-sandwich consisting of two curved 
twelve stranded β-sheets that face each other, creating a large channel in the middle of the 
tetramer (Dessen et al., 1995). Next to SBA, three additional highly related isolectins with similar 
properties have been reported in soybean seeds (Lis et al., 1966; Mandal et al., 1994). 
Furthermore, a vegetative soybean lectin has been described and characterized in detail. Similar 
to SBA, the soybean vegetative lectin (SVL) is a 119 kDa glycoprotein consisting of four subunits 
that specifically interact with antibodies raised against SBA. The N-terminal part of the amino 
acid sequences encoding SBA and SVL shares 63 % identity (Spilatro et al., 1996) which suggests 
that these proteins are evolutionary related. 
Most plant lectin research focuses on the characterization of one particular lectin family, its 
distribution and biological properties. For example, studies investigated the omnipresence of 
EUL, amaranthin and NLLs in different plant species (Delporte et al., 2015; Faruque et al., 2015; 
Fouquaert et al., 2009). To date, little is known about the occurrence of different lectin CRDs 
within one plant species. Even though the genome was sequenced a couple of years ago, few 
lectins and lectin sequences have been reported in soybean. The new assembly of the soybean 
genome provides the opportunity to improve the knowledge about the abundance, distribution 
and expansion of soybean lectins. In this study, we identify proteins belonging to nine different 
plant lectin families and examine the domain organization, expansion patterns and evolutionary 
relationship for these lectin genes in soybean. 
2.2 Materials and Methods 
2.2.1 Identification of lectin genes in the soybean genome 
Protein sequences encoding Agaricus bisporus agglutinin (UniProtKB/Swiss-Prot: Q00022.3 - 
Agaricus bisporus agglutinin), Amaranthus caudatus agglutinin (GenBank: AAL05954.1 - 
amaranthin), Robinia pseudoacacia chitinase-related agglutinin (GenBank: ABL98074.1 - CRA), 
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Nostoc ellipsosporum agglutinin (UniProtKB/Swiss-Prot: P81180.2 - cyanovirin), Euonymus 
europaeus agglutinin (GenBank: ABW73993.1 - EUL), Galanthus nivalis agglutinin 
(UniProtKB/Swiss-Prot: P30617.1 - GNA), Hevea brasiliensis agglutinin (GenBank: ABW34946.1 
- hevein), Artocarpus integer agglutinin (GenBank: AAA32680.1 - JRL), Glycine max agglutinin 
(UniProtKB/Swiss-Prot: P05046.1 - legume lectin), Brassica juncea LysM domain (GenBank: 
BAN83772.1 - LysM), Nicotiana tabacum agglutinin (GenBank: AAK84134.1 - Nictaba) and the 
lectin chain of the Ricinus communis agglutinin (GenBank: PDB: 2AAI_B - ricin B), representing 
one member of each lectin family, were used individually to perform BLASTp searches (E value < 
0.0001, comparison matrix: BLOSUM62, word length: default) (Altschul et al., 1997) against all 
predicted proteins derived from the soybean genome (assembly Wm82.a2.v1) available from the 
Phytozome v10 website (http://phytozome.jgi.doe.gov/). All retrieved sequences were selected 
as candidate lectin genes and the top hit was used for a second BLASTp search to obtain more 
candidate sequences. tBLASTn searches did not result in any additional sequences. The amino 
acid sequences from the candidate lectin genes were downloaded from BioMart (available 
through Phytozome v10). All protein sequences were scanned for the presence of conserved 
lectin domains using InterproScan5 (Jones et al., 2014) with default settings. The program 
(http://www.ebi.ac.uk/interpro/download.html) was locally installed and combines the 
following databases: PROSITE, HAMAP, Pfam, PRINTS, ProDom, SMART, TIGRFAM, PIRSF, 
SUPERFAMILY, CATH-Gene3D and PANTHER. The lectin domains corresponding to the EUL, the 
Nictaba and the CRA family were identified by sequence alignment using Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011) since no Pfam ID is available 
for these carbohydrate-binding lectin domains. Only those sequences containing at least one 
lectin domain were retained. The SignalP 4.1 server (Tamura et al., 2013) 
(http://www.cbs.dtu.dk/services/SignalP/) was used to check the presence of signal peptides 
and the TMHMM server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) provided 
information about possible transmembrane regions (Krogh et al., 2001). Predicted 
transmembrane regions at the N-terminus of a sequence were double-checked manually since 
these could give false positive results due to the presence of a signal peptide. The localization 
was predicted using the results from the SignalP and TMGMM servers. 
2.2.2 Construction of chromosome map 
The MapChart software (Voorrips, 2002) was used to map all the putative lectin genes on the 
different chromosomes. The data file containing the gene name and transcript start position 
were downloaded from the Phytozome v10 website (http://phytozome.jgi.doe.gov/) and used 
for the construction of the chromosome map. The position of the centromeres was retrieved 
from the Soybase website (“Soybean Genetic Map”). 
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2.2.3 Analysis of lectin gene expansion 
Segmental and tandem duplications were traced to define the degree of lectin gene expansion 
within the soybean genome. Tandem duplicated genes were assigned as one or more 
surrounding genes, (1) belonging to the same lectin family, (2) with no more than ten 
intervening genes and (3) present on the same chromosome within a 350 kb region (Zhu et al., 
2014). Identification of segmentally duplicated chromosome blocks was possible through the 
Plant Genome Duplication Database (PGDD) (Lee et al., 2013). Collinear blocks within the 
soybean genome were determined by McScan and the output data was downloaded 
(http://chibba.agtec.uga.edu/duplication/index/files) and searched for the presence of lectin 
genes. Two duplicated genes with a Ks (synonymous substitution) value higher than 1.0 were 
excluded because of the risk of saturation (Yin et al., 2013). For this reason, 23 duplicated gene 
pairs were excluded from the dataset. This information was visualized using Circos 0.68-1 
(Krzywinski et al., 2009). 
2.2.4 Sequence alignment and phylogenetic analysis 
The amino acid sequences of the lectin domains were aligned using MUSCLE (Edgar, 2004) and 
the alignment was subsequently trimmed with trimAl (Capella-Gutiérrez et al., 2009). The 
maximum likelihood (ML) phylogenetic tree was constructed with RAxML v8.2.4 and 1000 
bootstrap relications were performed (Stamatakis, 2014). The result was visualized with 
FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).  
2.3 Results 
2.3.1 Genome-wide identification and distribution of lectin genes in 
soybean 
The abundance and distribution of plant lectin genes within the soybean genome was analysed 
using BLAST searches. Hidden Markov models and Clustal Omega alignments were used to 
explore the presence of lectin domains belonging to one of the twelve described plant lectin 
families. A total of 368 putative lectin genes have been identified in the soybean genome, 
representing homologs for nine out of twelve lectin families. No homologs for the Agaricus 
bisporus agglutinin family, the amaranthins or the cyanovirin family were detected. The 
abundance of the lectin genes within each family varied greatly. The GNA family is by far the 
largest lectin family with 166 identified genes, representing approximately 45 % of all lectin 
genes. Not surprisingly, the legume family comes second with 94 genes (25.5 %) and the lectins 
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containing a LysM domain represent the third largest family (12.8 %). All the other lectin 
families comprise significantly less lectin genes (Table 2.1).  
Table 2.1: Predicted lectin genes and chromosome localization in soybean 
Lectin domain Predicted genes Percentage Chromosome localization 
CRA domain 6 1.6 13, 15, 17 
EUL domain 3 0.8 16, 19 
GNA domain 166 45.1 all except chr 5 
Hevein domain 6 1.6 2, 12, 13, 16, 19 
Jacalin domain 5 1.4 2, 11, 13, 15, 18 
Legume domain 94 25.5 all except chr 4 and chr 19 
LysM domain 47 12.8 all except chr 12 
Nictaba domain 31 8.4 3, 5, 6, 7, 10, 14, 17, 19, 20 
Ricin B domain 10 2.7 5, 8, 11, 18 
The transcript start positions were downloaded and used to map all the lectin genes to their 
corresponding position on the chromosomes (Figure 2.1). However, two lectin genes could not 
be mapped to a certain chromosome because they are found in one of the 1170 unmapped 
scaffolds. It concerns Glyma.U042800 and Glyma.U032400, a GNA and a legume homolog, 
respectively. Overall, the lectin genes are widely distributed in the genome and are spread over 
all 20 chromosomes, though the distribution and abundance is not uniform between the 
different chromosomes or within the same chromosome (Figure 2.1; Table 2.1). Chromosomes 6 
and 8 carry most lectin genes (10.1 and 10.6 %, respectively) while chromosome 4 and 5 hold 
the lowest amount of lectin genes (each 1.6 %). Genes of the GNA family mainly occur in 
condensed hotspots, e.g. on chromosome 6, 12 and 13, and result from various tandem 
duplications. 
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Figure 2.1: Chromosomal distribution of soybean lectin genes. All the genes for the different 
lectin families are shown in distinct colours and the centromere positions are indicated in black. 
Tandem duplicated genes are indicated by an asterisk and segmental duplications are not 
represented. The chromosome map was generated using the MapChart software and drawn to 
scale (Voorrips, 2002). 
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2.3.2 Domain organization/architecture of putative soybean lectins 
Since the length of most lectin sequences exceeded that of the lectin domain, the amino acid 
sequences of all predicted lectins were also searched for the presence of other conserved protein 
domains. Moreover, the SignalP server provided information about the presence of a signal 
peptide, necessary to guide proteins to the secretory pathway and the TMHMM server was used 
to predict transmembrane domains in the protein sequences (Table 2.2). The majority of the 
identified lectin genes encode proteins containing one lectin domain linked to at least one 
additional protein domain. The different lectins and chimerolectins retrieved from the soybean 
genome are discussed below. A schematic overview of the lectin domain architecture for the 
lectin genes within each family is represented and all figures are drawn to scale. 
Table 2.2: Overview of the different lectin families in soybean and their predicted 
localization in the plant cell 
Lectin family Predicted localization 
CRA family vacuole, membrane bound 
Euonymus europaeus lectin family nucleus, cytoplasm 
Galanthus nivalis lectin family vacuole, nucleus, cytoplasm or membrane bound 
Hevein family vacuole 
Jacalin family nucleus, cytoplasm 
Legume family vacuole, nucleus, cytoplasm or membrane bound 
LysM family vacuole, nucleus, cytoplasm or membrane bound 
Nicotiana tabacum lectin family nucleus, cytoplasm 
Ricin B family vacuole, nucleus, cytoplasm 
2.3.2.1 Homologs of class V chitinases 
The Robinia pseudoacacia chitinase-related agglutinin specifically recognizes high mannose N-
glycans and represents a lectin family with high sequence identity to class V chitinases. However 
these proteins are essentially devoid of chitinase activity (Van Damme et al., 2007). Plant 
chitinases can be divided in five classes based on their sequence similarity (Collinge et al., 1993; 
Melchers et al., 1994). According to the CAZy database (www.cazy.org), classes I, II and IV belong 
to the glycosyl hydrolase (GH) family 19, whereas classes III and V are classified in the GH family 
18 (Lombard et al., 2014). In the soybean genome, a total of 45 genes encode for GH 18 proteins, 
and six of them have been identified as possible CRAs. It needs to be investigated whether the six 
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identified CRA homologs from soybean are true lectins and if they have retained their chitinase 
activity. According to the transcriptome data, each of the six soybean CRAs is expressed 
(Phytozome). All sequences consist of a signal peptide and one chitinase-related domain of 330-
342 amino acids. One of the CRA homologs also contains an additional transmembrane domain 
and a C-terminal protein kinase domain (Figure 2.2), thus it can be considered as lectin receptor-
like kinase (LecRLK). 
Figure 2.2: Domain architecture of soybean CRA and EUL homologs. Signal peptides and 
transmembrane domains are shown in black and the numbers indicate the number of genes that 
encode proteins with the corresponding domain architecture. 
2.3.2.2 EUL homologs 
The EUL family groups all proteins containing at least one domain homologous to the Euonymus 
europaeus lectin, and was shown to be ubiquitous in land plants (Fouquaert et al., 2009). The 
soybean genome comprises three orthologs of the EUL family and EST data confirm that these 
genes are expressed (Phytozome). All sequences encode EUL proteins with one EUL domain and 
variable N- and C-terminal regions (Figure 2.2). According to the classification system 
elaborated by Fouquaert et al., the EUL sequences from soybean belong to different groups, one 
of them being the EULS3 group, a type of proteins that is found in most dicot plant genomes for 
which sequence information is available (Fouquaert et al., 2009). None of the identified EUL 
homologs contain a signal peptide, suggesting a nucleocytoplasmic localization for these 
proteins. 
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2.3.2.3 GNA homologs 
GNA homologs are named after a mannose-binding lectin that was first isolated from snowdrop 
(Galanthus nivalis) bulbs (Van Damme et al., 1987). GNA-related lectin sequences have been 
reported in plants, bacteria, fungi and animals (Van Damme et al., 2008). Within the soybean 
genome, the GNA-like lectins represent the most abundant lectin family with 166 predicted 
lectin genes (Table 2.1). This lectin family also shows most variation with regard to domain 
architecture. In total, ten different domain combinations of the GNA domain with other protein 
domains are found in soybean (Figure 2.3). The largest group comprises all proteins consisting 
of the GNA domain in combination with/without an S-locus glycoprotein domain and/or a PAN 
(plasminogen, apple, nematode related) domain and/or a transmembrane domain and/or a 
protein kinase domain. A small group of chimeric proteins contained all of the above protein 
domains and an additional S-locus receptor kinase (SRK). One sequence of the GNA homologs is 
unique and consists of a GNA domain, an S-locus glycoprotein, a PAN domain, a TIR 
(Toll/interleukin-1 receptor) domain, an NB-ARC (nucleotide-binding adaptor shared by APAF-
1, R proteins, and CED-4) domain and three C-terminal LRR domains. Another chimeric protein 
consists of an N-terminal signal peptide, a thaumatin domain, a GNA domain, a transmembrane 
domain and a C-terminal protein kinase domain. Next to the chimeric proteins, a few proteins 
were predicted to have a truncated (64-111 amino acids) GNA domain and variable unrelated N- 
and C-terminal amino acid sequences. Most of GNA-related sequences from soybean contain a 
signal peptide and for the majority of these sequences, EST data are available (Phytozome). 
Figure 2.3: Domain architecture of the GNA family in soybean. The numbers in brackets 
indicate the number of genes that encode proteins with a certain domain architecture. Signal 
peptides and transmembrane domains are shown in black if they are found in all sequences or in 
grey if they are only present in some of the sequences encoding that domain architecture. 
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2.3.2.4 Hevein homologs 
Proteins with hevein domains are ubiquitous in plants (Van Damme et al., 1998). Hevein is a 
small chitin-binding protein with antifungal properties, first identified in the latex of the rubber 
tree (Hevea brasiliensis) (Van Parijs et al., 1991). The hevein domain refers to a structural unit of 
about 40 amino acid residues with sequence similarity to hevein and typically contains eight 
cysteine residues that are all involved in interchain disulfide bridges that determine the tertiary 
fold of the lectin domain (Van Damme et al., 1998). The soybean genome comprises two types of 
hevein orthologs (Figure 2.4). The first type is a class I PR4 protein (Neuhaus et al., 1996), 
comprising an N-terminal signal peptide and a hevein domain linked to a C-terminal Barwin 
domain. The second type is a protein with an N-terminal hevein domain, preceded by a signal 
peptide and linked to a long C-terminal chitinase domain (GH 19 family). In 2001, the first class I 
chitinase from soybean was described in the seed coat. The 32 kDa protein contained an N-
terminal signal peptide, a hevein domain, a proline rich hinge domain and the catalytic chitinase 
domain. Aside from its high expression in the seed coat, this gene was also expressed in late 
developmental stages of pods, leaves and embryos, and transcript levels were increased in 
response to pathogen (Phytophthora sojae) infection (Gijzen et al., 2001). The amino acid 
sequence of this protein corresponds 100 % to one of four genes containing a hevein domain 
identified in our study. 
2.3.2.5 Jacalin homologs 
BLAST searches revealed that the soybean genome encodes five proteins, containing at least one 
protein domain with homology to the T-antigen specific lectin (jacalin) that was originally 
isolated from the seeds from jack fruit (Kumar et al., 1982; Sastry et al., 1986). Jacalin-related 
sequences are not only ubiquitous in plants, but are also present in fungi, bacteria, vertebrates 
and invertebrates (Van Damme et al., 2008; Naganuma et al., 2014). One of the soybean 
homologs comprises the jacalin domain alone, and another one contains an additional F-box 
domain at its N-terminus (Figure 2.4). The three other putative jacalin-related lectin genes 
encode proteins containing three tandem arrayed jacalin units. ESTs confirm the expression of 
all jacalin-related sequences from soybean (Phytozome). In contrast to jacalin, none of these 
sequences contains a signal peptide, suggesting the proteins will reside in the nucleocytoplasmic 
compartment. 
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Figure 2.4: Domain architecture of hevein and jacalin homologs in Glycine max. The 
numbers in brackets indicate the number of genes with that domain architecture and signal 
peptides are indicated in black. 
2.3.2.6 Legume homologs 
Legume lectins are a large family of homologous proteins originally found in the seeds of most 
legume species. However, this type of lectins has also been identified in a few other plant 
families, and some evidence for sequences related to the legume lectin domain has also been 
reported in bacteria and animals (Van Damme et al., 2008). SBA, the prototype of soybean 
legume lectins, comprises a single legume domain and represents the second largest type of 
legume homologs in soybean (Table 2.1). The largest group of sequences encode L-type 
(legume) LecRLKs, proteins containing an N-terminal legume domain and a C-terminal protein 
kinase domain (Figure 2.5). In most protein sequences of this type, a transmembrane domain 
was identified that assigns an extracellular localization of the lectin domain. Next to these two 
groups, there are two predicted proteins with different domain architectures: one protein 
consists of two short in tandem arrayed legume domains, and another protein sequence is 
similar to that of the L-type LecRLKs but has an additional N-terminal reverse transcriptase 
domain. Though most of these sequences contain a signal peptide, there are also sequences 
which lack a signal peptide (e.g. the legume homolog containing the reverse transcriptase 
domain) suggesting that these legume lectin homologs will be distributed among different plant 
compartments. 
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Figure 2.5: Domain architecture of soybean legume lectin homologs. The numbers in 
brackets indicate the number of genes that encode proteins with a certain domain architecture. 
Signal peptides and transmembrane domains are shown in black if they are found in all 
sequences or in grey if they are only present in some of the sequences encoding that domain 
architecture. 
2.3.2.7 LysM homologs 
The LysM motif was originally identified in enzymes involved in bacterial cell wall degradation 
(Joris et al., 1992). However, LysM domains are widespread in nature (Van Damme et al., 2008) 
and have been identified first in plants as part of the legume Nod factor receptor-like kinases 
(RLKs) (Radutoiu et al., 2003; Limpens et al., 2003). Of all lectin families in soybean, the LysM 
domain containing lectins represent the third largest group. In total six different domain 
architectures containing at least one LysM domain are present in soybean (Figure 2.6). The two 
largest groups are the proteins consisting of one LysM domain, and the LysM LecRLK proteins. 
In addition some LysM sequences encode proteins with two tandem arrayed LysM domains. For 
all LysM LecRLK sequences, a transmembrane domain was detected between the LysM domain 
and the protein kinase domain. Two small groups of sequences encode LysM lectins with an N-
terminal F-box domain or the LysM domain linked to the EEIG1/EHBP1 domain at its N-
terminus. The majority of the identified LysM-related genes in soybean is fully covered by 
assembled EST contigs and most of the translated amino acid sequences possess a signal peptide 
(Phytozome). Recently, the LysM domain containing orthologs from Lotus japonicus and 
Medicago truncatula Nod factor receptor kinases (two LysM domain containing LysM LecRLKs) 
have been reported (GmNFR1α-GmNFR5α/β) in soybean (Indrasumunar et al., 2011). These 
proteins belong to the LysM LecRLK group and overexpression of GmNFR1α resulted in 
increased nodulation, unlike overexpression of GmNFR5. However, GmNFR5 is generally more 
transcribed than GmNFR1 (Indrasumunar et al., 2010, 2011). GmNFR5α and GmNFR1α form 
functional complexes that efficiently recognize Nod factors. Mutation of GmNFR1β, another 
homolog does not affect nodulation, probably due to the formation of dysfunctional receptor 
complexes with GmNFR1α (Indrasumunar et al., 2011). 
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Figure 2.6: Domain architecture of LysM homologs in soybean. The numbers in brackets 
indicate the number of genes that encode proteins with a certain domain architecture. Signal 
peptides and transmembrane domains are shown in black if they are found in all sequences or in 
grey if they are only present in some of the sequences encoding that domain architecture. 
2.3.2.8 Nictaba homologs 
The nucleocytoplasmic protein Nictaba is a jasmonate inducible lectin that was first identified in 
the leaves of tobacco plants (Chen et al., 2002). Extensive searches revealed that Nictaba-like 
sequences are widespread in the plant kingdom (Delporte et al., 2015). Analysis of the soybean 
genome resulted in the identification of four different types of Nictaba-like lectins. All sequences 
lack a signal peptide. Hence these proteins are synthesized on the free ribosomes and most 
probably reside in the cytosol or the nucleus, similar to Nictaba. An important group of Nictaba-
related sequences encode so-called F-box Nictaba proteins, chimeric proteins in which an F-box 
domain is C-terminally linked to a lectin domain homologous to Nictaba. Other Nictaba-like 
lectins contain one or two Nictaba domains, preceded by variable unrelated N-terminal 
sequences (Figure 2.7). EST data confirmed the expression of most of these Nictaba-related 
genes (Phytozome). 
2.3.2.9 Ricin B homologs 
Ricin B homologs are named after the lectin domain of a toxic protein (called ricin) 
characterized from Ricinus communis. Ricin is a ribosome-inactivating protein (RIP), a chimeric 
lectin composed of an N-terminal A domain with RNA N-glycosidase activity (Barbieri et al., 
1996) and a C-terminal B domain with carbohydrate-binding activity. The ricin B lectin family is 
widespread in nature and homologs have been reported in bacteria, fungi, animal and plant 
species (Van Damme et al., 2008). The soybean genome comprises two types of ricin B homologs 
and according to EST data, all the genes except for one are expressed (Phytozome). In both 
types, the ricin B lectin domain is preceded by an enzymatic domain of the glycoside hydrolase 
family, in particular the glycoside hydrolase family 5 (GH 5) or family 27 (GH 27) (Figure 2.7). 
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The ricin B domain linked to the GH 27 domain is apparently shorter (about 80 amino acids) 
than the lectin domain (120 amino acids) in the homolog containing the GH 5 domain. A signal 
peptide was detected in all but one of the ricin B homologs in soybean, thus suggesting that most 
of these proteins are synthesized in the ER. Interestingly, RIPs containing a domain with N-
glycosidase activity and a lectin domain have not been identified in the soybean genome. 
Figure 2.7: Domain architecture of soybean Nictaba homologs and ricin B lectins. The 
numbers in brackets indicate the number of genes that encode proteins with a certain domain 
architecture. Signal peptides are shown in black if they are found in all sequences or in grey if 
they are only present in some of the sequences encoding that domain architecture. 
2.3.3 Tandem and segmental duplication largely contributed to the 
expansion of lectin genes in soybean 
The observed variation in the number of homologs between the different lectin families and the 
distinct chromosomal distribution is probably the result of a series of evolutionary processes. 
The polyploid soybean genome has undergone two polyploidy events that resulted in a genome 
in which 75 % of the genes are present in multiple copies (Schmutz et al., 2010). In theory, 
functional divergence of duplicated genes can result in either nonfunctionalization, 
neofunctionalization or subfunctionalization (Lynch and Conery, 2000). The fate of duplicated 
genes in soybean has recently been studied and the majority of the duplicated genes showed a 
differential expression and thus had undergone either subfunctionalization or 
neofunctionalization (Roulin et al., 2013). Of the different types of gene duplication (whole-
genome, tandem, segmental, transposition), tandem and segmental duplications were studied to 
Chapter 2 
38 
gain more insight in the differential expansion of the soybean lectin genes. Mapping the lectin 
genes to their physical positions on the chromosomes (Figure 2.1) revealed that many lectin 
genes are clustered together, suggesting that they might be the result of tandem duplication 
events. Tandem duplicated genes were defined as one or more members of the same family 
occurring within a certain intergenic region. A total of 54 tandem duplication blocks have been 
identified involving 188 genes of seven different lectin families (Table 2.3). The CRA family and 
the jacalin family are the only lectin families for which no tandem duplications were detected. 
Table 2.3: Tandem and segmental duplication in the soybean lectin families 
Lectin family 
(number of genes) 
Tandem duplication 
Segmental 
duplication 
duplication 
clusters 
genes involved genes involved 
CRA (6) 0 0 3 
EUL (3) 1 2 0 
GNA (166) 27 114 65 
Hevein (6) 1 2 2 
Jacalin (5) 0 0 5 
Legume (94) 15 47 50 
LysM (47) 3 6 35 
Nictaba (31) 5 13 19 
Ricin B (10) 2 4 7 
In addition, the contribution of duplications of chromosomal regions (segmental duplications) 
was investigated. The soybean McScan output data, available from the PGDD 
(http://chibba.agtec.uga.edu/duplication/), was searched for collinear blocks containing lectin 
genes. A total of 186 lectin genes were shown to be involved in segmentally duplicated events 
belonging to all lectin families, except for the EUL family (Table 2.3). These 186 genes were 
found in 113 different collinear blocks, containing one or more lectin genes belonging to 
different families (Figure 2.9). Genes of the LysM, legume and GNA family are best represented 
in the segmentally duplicated blocks. These data suggest that lectin gene expansion is mainly the 
result of segmental duplication, especially for the jacalins for which the increase in family size is 
completely due to segmental gene duplication. Though helpful, these data are not completely 
representative since genes of some lectin families (GNA, legume, LysM, Nictaba and ricin B) are 
involved in both segmental and tandem duplications. The evolutionary mechanisms responsible 
for the expansion of the different lectin families are represented in Figure 2.8. In general, 
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tandem and segmental duplication contributed equally (36.1 % and 35.6 %) to lectin gene 
expansion in soybean. About 14.9 % of the genes is involved in both segmental and tandem 
duplication and the remaining 13.4 % of the expansion is due to other mechanisms such as 
retrotransposition. However, there are important differences between the different lectin 
families. For the LysM, the CRA, the jacalin and the ricin B family, tandem duplication had 
(almost) no influence on the expansion of these families, while for all the other families, tandem 
duplication contributed 32-67 % to gene expansion. 
Figure 2.8: Evolutionary mechanisms responsible for the expansion of the lectin families 
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Figure 2.9: Distribution of segmentally duplicated blocks containing one or more lectin 
genes. The twenty soybean chromosomes (1-20) are shown in a circular way along each 
chromosome block. The numbers in one chromosome block indicate the sequence length in Mb. 
Segmentally duplicated blocks containing one or more lectin genes from the same lectin family 
are indicated in distinct colours. Grey coloured blocks contain lectin genes from two or more 
different lectin families.  
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2.4 Discussion 
Since the discovery of SBA in 1952 (Liener and Pallansch, 1952), our knowledge about lectins 
and putative lectin genes and their distribution in plants has increased enormously. With the 
advent of proteomics and genomics, a vast amount of sequences has become available, which 
allows whole genomes to be screened for the presence of particular protein domains. In our 
analysis, a total of 368 lectin genes has been identified in the soybean genome, and grouped into 
nine distinct lectin families. Gene duplications on various levels (tandem, segmental and whole 
genome duplications) have been recognized as one of the primary forces in the evolution of 
eukaryotic genomes (Ohno, 1970). Being a paleopolyploid, the soybean genome has undergone 
two rounds of duplication 59 and 13 Mya which resulted in a genome with nearly three-quarters 
of its genes present in multiple copies (Schmutz et al., 2010), more than most diploid genomes 
(De Smet et al., 2013). The success of ancient duplicated genomes is due to the facilitated plant 
response under specific conditions, thereby increasing their chances of survival compared to 
diploids (Van de Peer et al., 2009). Our current results reveal that the whole lectin gene family in 
soybean has expanded through both tandem and segmental duplications (or a combination of 
both mechanisms). The data also show that the different lectin families evolved and expanded 
differentially which lead to the great variation in number of genes per lectin family. The fact that 
a lot of lectin genes have been retained after whole genome duplications, suggests that lectin 
sequences are associated with biological needs or advantages for the plant to adapt to changing 
environmental stresses. Duplicate gene preservation by means of subfunctionalization or 
neofunctionalization illustrates potential biological benefits for retention of these genes (Lynch 
and Force, 2000; Van de Peer et al., 2009). 
Analysis of the domain architecture of the identified soybean lectins revealed that most of them 
are chimerolectins, consisting of one or more carbohydrate-binding domains tandemly arrayed 
to other protein domains. The occurrence of an F-box domain in combination with a single lectin 
domain was found in three different lectin families: the jacalin family, the LysM-related lectins 
and the Nictaba-like lectins. The F-box domain is part of the SCF (Skp, Cullin, F-box) complex, 
involved in ubiquitination of proteins destined for proteasomal degradation (Bai et al., 1996; 
Petroski and Deshaies, 2005). It has been suggested that protein-carbohydrate interactions 
through the C-terminal sugar-binding lectin domain could facilitate degradation of glycoproteins 
in plants, similar to mammalian F-box proteins (Mizushima et al., 2007; Van Damme et al., 2008; 
Lannoo et al., 2008; Xu et al., 2009). Combinations of an F-box and lectin domain are not unique 
to soybean and can be found throughout the plant kingdom, suggesting a general role in protein 
degradation. F-box Nictaba and F-box LysM domain combinations are highly conserved in plants, 
in contrast to the F-box jacalin combination, which has only been reported in Arabidopsis (Van 
Damme et al., 2008; Xu et al., 2009; Zhang et al., 2009; Song et al., 2014; Delporte et al., 2015). 
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Another striking observation is that different families of glycoside hydrolases are linked to lectin 
domains. In the ricin B family, the lectin domain is preceded by either a GH 5 or GH 27 domain 
while for members of the hevein lectin family, the GH 19 domain is C-terminally linked to the 
lectin domain. Glycoside hydrolases are a diverse group of enzymes. GH 5 represents one of the 
largest glycoside hydrolase families and is formally known as the “cellulose family A” (Henrissat 
et al., 1989). The glycoside hydrolases of family 19 are chitinases comprising class I, II and IV 
chitinases and GH family 27 together with GH family 31 and 36 form the GH-D clan, a 
superfamily of α-galactosidases, α-N-acetylgalactosaminidases and isomaltodextranases 
(Lombard et al., 2014). Plants do not contain chitin but it has been assumed that plant chitinases 
play a role in the defence against fungal pathogens as they can hydrolyse chitin from the fungal 
cell wall (Kasprzewska, 2003).  
In addition, other plant defence-related domains were also identified in combination with lectin 
domains. The Barwin domain was identified in the soybean genome in combination with an N-
terminal hevein domain (class I PR-4), and was first identified in a wound-induced barley seed 
protein. Like hevein, it is cysteine rich and has the ability to bind carbohydrates (Ludvigsen and 
Poulsen, 1992; Svensson et al., 1992). Class I PR-4 proteins have also been identified in potato 
(WIN2), Arabidopsis (HEL), tobacco (CBP20) and jelly fig (FaPR-4) (Stanford et al., 1989; Potter 
et al., 1993; Ponstein et al., 1994; Lu et al., 2012), and were induced upon wounding or 
viral/fungal infection. This suggests that the two tandem arrayed soybean class I PR-4 genes also 
play a role in plant defence and might be upregulated upon pathogen attack or wounding. 
Another defence-related protein architecture is the thaumatin domain fused to a GNA and 
protein kinase domain. Thaumatin-related proteins are classified as PR-5 proteins and transcript 
levels for osmotin, a tobacco PR-5 protein are enhanced after pathogen attack and osmotic stress 
(Singh et al., 1985; Woloshuk et al., 1991). Similar to the thaumatin domain, combinations of the 
GNA domain with the NB-ARC, TIR and LRR domains are related to plant defence since these 
domains are known to be involved in disease resistance (Hammond-Kosack and Jones, 1997; van 
Loon et al., 2006). 
A more common example of domain architecture is the LecRLK type. These are mainly plasma 
membrane localized proteins and contain an intracellular kinase domain, a transmembrane 
region and an extracellular lectin domain. Although a lot of LecRLKs have been reported, only a 
limited number of proteins have been functionally characterized, hence little information is 
available with respect to the carbohydrate-binding activity of the lectin domain. In soybean, 
combinations of the protein kinase domain are found with the CRA domain, the GNA domain, the 
LysM type lectin domain and with legume lectin domains. Some soybean LysM LecRLKs are 
involved in the symbiotic relationship with rhizobia as they can recognize Nod factors 
(Indrasumunar et al., 2011). Medicago legume LecRLKs were also shown to be involved in 
symbiosis (Navarro-Gochicoa et al., 2003) while recent evidence has accumulated pointing 
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towards biotic stress responses for Arabidopsis L-type LecRLKs (Bouwmeester and Govers, 
2009b). Expression of the Arabidopsis LecRK-I.9 in potato and tobacco enhances resistance to 
Phytophthora infestans (Bouwmeester et al., 2014). Likewise, functional analysis of some 
Arabidopsis LecRK homologs from N. benthamiana and tomato demonstrated that they play 
similar roles in defence against Phytophthora (Wang et al., 2015b). Two other Arabidopsis 
LecRKs, LecRK-V.5 and LecRK-VI.2, were found to play a role in bacterial resistance (Desclos-
Theveniau et al., 2012; Singh et al., 2012). GNA (G-) type LecRLKs represent the largest group of 
LecRLKs in soybean. In most proteins, the GNA domain is accompanied by an S-locus 
glycoprotein, known for its role in self-incompatibility (Tanksley and Loaiza-Figueroa, 1985) 
and a PAN domain, which is believed to play a role in protein-protein/carbohydrate interactions 
(Tordai et al., 1999). The origin of G-type LecRLKs containing an S-locus glycoprotein and a PAN 
domain was analysed in Brassicaceae, where this type of protein architecture is abundant and 
well-studied. It seems that two gene fusion events in the common ancestor of land plants most 
likely resulted in an ancient precursor (Xing et al., 2013). Variations on this protein architecture 
that lack the PAN and/or S-locus glycoprotein domain are not restricted to soybean and almost 
all the architectures found in the soybean genome, have also been identified in either 
Physcomitrella patens, Selaginella moellendorffii, Oryza sativa, Arabidopsis thaliana or Populus 
trichocarpa, confirming the wide distribution of these types of proteins (Xing et al., 2013). 
Overexpression of CaGLP1, a pepper GNA-related lectin and PAN domain containing protein, in 
Arabidopsis enhanced resistance to Pseudomonas syringae and is believed to regulate plant cell 
death and defence response (Kim et al., 2015). So far, no G-type LecRLKs from soybean have 
been studied in detail. However, a protein with a GNA domain, S-locus glycoprotein and protein 
kinase domain from wild soybean (Glycine soja) was shown to be involved in abiotic stress. 
Transcript levels largely increased upon ABA, salt and drought treatment (Sun et al., 2013). All 
identified types of LecRLK could be considered as plant defence-related proteins as they might 
act as a receptor at the level of the cell wall/plasma membrane of the plant cell during pathogen 
attack. However, the functionality of the lectin domains has to be investigated in more detail 
(Lannoo and Van Damme, 2014). 
Overall the high diversity of domain architectures within the lectin family in soybean could be 
explained by the high rate of retention of duplicated genes after WGD events. Proteins 
containing multiple protein domains are generally a combination of pre-existing domains by 
fusion, fission or terminal loss, rather than a creation of novel domains (Kersting et al., 2012; 
Zhang et al., 2012b). Single-domain proteins are therefore more likely to be shared by different 
plant species. The longer a domain arrangement, the more likely it is species-specific (Kersting 
et al., 2012). Accordingly, an evolutionary analysis of the L-type LecRLKs in Brassicaceae 
demonstrated that the most diverse L-type LecRLK clades are lineage-specific (Hofberger et al., 
2015). 
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Strikingly, in some families there are tandem arrayed lectin domains. The occurrence of two 
Nictaba domains was already observed in rice (Delporte et al., 2015) while the presence of two 
tandem arrayed LysM domains can be found across kingdoms (including prokaryotes, green 
algae, mosses, gymnosperms and angiosperms) (Zhang et al., 2009). The protein containing two 
legume domains is probably an exception since it concerns two incomplete legume domains. 
Jacalin-like lectin sequences containing three jacalin motifs have also been identified in the 
seeds of Parkia platycephala, the most primitive subfamily of the Leguminosae (Mann et al., 
2001). In wheat, three JRL genes encoding three jacalin domains were reported, and the 
expression of one of them can be upregulated upon biotic stress application (Song et al., 2014). 
Arabidopsis plants, transformed with another wheat JRL protein containing two jacalin domains, 
display increased resistance to Fusarium graminearum and Botrytis cinerea (Xiang et al., 2011) 
while an Arabidopsis homolog with three jacalin domains functions in flowering time control 
(Xiao et al., 2015). 
The classification of lectins in twelve different families has been the subject of a continuous 
debate. Especially the evolutionary relationship between EUL and ricin B lectins is striking. 
During BLAST searches and in the Interpro database, EUL lectins are typically annotated as ricin 
B domain containing lectins, based on the shared Q-X-W motif in their amino acid sequences. 
Recent molecular docking studies of the Euonymus europaeus lectin also revealed that this lectin 
adopts the ricin B fold (Agostino et al., 2015). However, BLASTp searches show no significant 
sequence similarity between EUL and ricin B lectins. The phylogenic relationship between EUL 
and ricin B lectins from soybean was investigated (Figure 2.10) and showed that the three EUL 
homologs clearly cluster together in a specific branch of the dendrogram, separated from the 
ricin B homologs. These data justify that EUL and ricin B lectins are classified in two distinct 
lectin families. 
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Figure 2.10: Evolutionary relationship between EUL (purple) and ricin B (yellow) 
homologs from soybean. The EUL and ricin B lectin domains were used to build the ML 
phylogenetic tree with RAxML. The tree was rooted using one of the jacalin homologs and 
numbers refer to percentage bootstrap values. 
Another point of discussion concerns the lectin from the CRA family. This family was named 
after the first identified member (RobpsCRA) which shared 50 % sequence identity with plant 
class V chitinases (Van Damme et al., 2007). Class III and V plant chitinases are grouped together 
in the GH family 18 and other chitinase-like lectins belonging to the GH 18 family have been 
reported. For instance, a N-acetyl-D-glucosamine (GlcNAc) -binding lectin from Parkia 
platycephala is homologous to the class III chitinases and does retain its chitinase activity 
(Cavada et al., 2006). In contrast, TCLL (tamarind chitinase like lectin) is a recently identified 
class III chitinase-like lectin from Tamarindus indica without chitinase activity (Patil et al., 
2013). It is clear that these chitinase-like proteins should be categorized in the same lectin 
family of chitinase-related lectins and subdivisions can be made to address the chitinase activity. 
This would make it easier to study the relationship of related lectins and their physiological role. 
With respect to the sugar-binding specificity of the different lectins, conclusions should be 
drawn thoughtfully. Several studies highlighted the promiscuity of the carbohydrate-binding site 
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for different homologs of the Nictaba, EUL, legume, jacalin and GNA family (Fouquaert & Van 
Damme, 2012; Fouquaert et al., 2009; Loris et al., 1998; Rougé et al., 2003; Stefanowicz et al., 
2012). The diverse carbohydrate specificities within different lectin families make it difficult to 
predict the biological properties of the lectins. Therefore even proteins with homologous lectin 
domains can have different functions due to carbohydrate-binding specificity and the presence 
of additional protein domains.  
Despite the identification of 368 putative soybean lectin genes, only a few of them have been 
studied in detail. However, transcriptome data is available for the majority of the identified 
lectin genes in soybean, indicating that the genes are expressed during soybean development. In 
the early days, lectin research mainly focused on lectins that were abundant in seeds or 
vegetative storage tissues, mainly because biochemical research involving the purification and 
characterization of lectins was limited by the experimental tools available at that time. Only 
recently evidence became available to show that there are also weakly expressed lectins in non-
storage tissues of the plant. Furthermore, some lectins can only be detected after the plant has 
been subjected to certain stress conditions, which makes them even more difficult to discover. 
The presence of 368 lectin genes in the soybean genome, belonging to nine different lectin 
families urges to adapt the idea on the occurrence of lectins and confirms that multiple lectins 
are present in the same species. 
It can be concluded that the whole group of lectins in soybean is highly diverse (size of the 
protein, domain architecture, and sugar-binding specificity) and mainly expanded through 
tandem and segmental duplications. Furthermore it can be envisaged that the soybean plant 
succeeded in evolving a complex set of lectin genes encoding proteins with different 
localizations in the plant cell and biological function. It can be hypothesized that the concerted 
action of all these lectins can help the plant to protect itself against different environmental 
stresses, including the attack from different pathogens and predators (Shukle and Murdock, 
1983; Singh et al., 2006; Guo et al., 2013).  
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Abstract 
The Nictaba family groups all proteins that show homology to Nictaba, the tobacco lectin. So far, 
Nictaba and an Arabidopsis homolog were shown to be implicated in the plant stress response. 
The availability of genome sequences of some major crop species provided the opportunity for a 
genome-wide identification of Nictaba-like genes in Medicago truncatula, Cicer arietinum, Lotus 
japonicus, Glycine max, Cajanus cajan, Phaseolus vulgaris, Solanum lycopersicum, Solanum 
tuberosum, Oryza sativa, Zea mays and Sorghum bicolor. Additionally, we investigated the 
structural diversity of the Nictaba family and provided insights into the evolution of these 
putative lectin genes in plants. Furthermore, this study also included chromosome localization, 
domain organization, overview of orthologous genes in the legume family and expression 
analysis. Taken together, these data contribute to our understanding of the Nictaba-like gene 
family in species that have not been studied before.  
3.1 Introduction 
Almost fifty years ago, gene duplication was first considered as the driving force behind 
evolution by Ohno (1970). Over the years, these findings have been confirmed by various 
researchers and gene duplications are recognized for their great importance for evolution in 
general. Whole genome duplications in particular are considered as foremost players in 
evolution, resulting in expanded biological complexity (Lynch and Conery, 2000; Otto and 
Whitton, 2000; Wendel, 2000; Van de Peer et al., 2009; Lynch, 2013). Following a WGD event, 
retained duplicated genes often undergo sub- or neofunctionalization due to increased genetic 
redundancy (Fawcett et al., 2009). Whole genome duplication events are common in plants and 
at least two WGDs resulted in the diversification of seed plants and angiosperms (Jiao et al., 
2011). In addition to WGDs, other types of local duplication events (tandem duplication or gene 
transposition duplication) also contribute to gene expansion and generation of new functions for 
homologous genes (Zhang, 2003; Cannon et al., 2004; Freeling, 2009). Ultimately, polyploid 
plants tend to diploidize and this process is associated with chromosomal rearrangements and 
gene and chromosome loss (Lynch and Conery, 2000).  
The Leguminosae or Fabaceae, also known as the legume family, is an interesting family to study 
the contributions of duplication events on plant evolution. It is the third largest family of 
flowering plants and comprises several crops that are of high economic value as major protein 
source for humans and animals. Moreover, the genome sequence of multiple members of the 
legume family is available including Medicago truncatula (barrel clover), Cicer arietinum 
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(chickpea), Lotus japonicus (Japanese trefoil), Glycine max (soybean), Cajanus cajan (pigeon pea), 
Phaseolus vulgaris (common bean), Vigna radiata (mung bean) and Lupinus angustifolius (lupin) 
(Jain et al., 2013; Kang et al., 2014; Sato et al., 2008; Schmutz et al., 2010, 2014; Varshney et al., 
2011, 2013; Yang et al., 2013; Young et al., 2011). Within the legume family, different polyploidy 
events occurred. Analysis of the soybean genome for example, revealed that three rounds of 
WGDs contributed to the current Glycine max genome: a common WGD of all rosids (130-240 
Mya), a legume-specific WGD occurring approximately 59 Mya and a more recent Glycine-
specific WGD event 13 Mya (Shoemaker et al., 2006; Schmutz et al., 2010; Severin et al., 2011; 
Cannon et al., 2015). These duplication events gave rise to a soybean genome in which 75 % of 
its genes are present in multiple copies (Roulin et al., 2013).  
The wealth of many completely sequenced genomes has allowed the analysis of gene family 
expansion across species. This comparative analysis of gene families has facilitated insights into 
how proteins can confer adaptation. Protein domains are the functional and structural 
components of proteins. Evolutionary, they are well conserved across taxa and are frequently 
rearranged within and/or between proteins and even genomes. Protein domain rearrangements 
are driven by evolutionary events such as duplication, fusion, fission and domain loss and play 
an essential role in the evolution and expansion of multi-domain proteins (Kummerfeld and 
Teichmann, 2005; Weiner et al., 2006; Moore et al., 2008; Moore and Bornberg-Bauer, 2012). 
Therefore, protein domains are considered discrete evolutionary units and could be related to 
plant adaptation and tolerance to variable environmental conditions (Sharma & Pandey, 2016; 
Yang & Bourne, 2009). The plant lectin family comprises all proteins that specifically bind 
carbohydrates. This protein-carbohydrate interaction is involved in a variety of essential 
processes in the plant (Van Damme et al., 2008; Lannoo and Van Damme, 2014). Plant lectins 
can be further divided in distinct subfamilies, specified by their conserved CRD (Chapter 2; Van 
Damme et al., 2008). One of these families, the Nictaba-like family, groups all proteins that 
contain a protein domain that shows homology with the Nicotiana tabacum agglutinin, Nictaba 
abbreviated and also known as the tobacco lectin. Nictaba homologs were shown to be 
ubiquitous in plants, including some crop species (Delporte et al., 2015). However, the tobacco 
lectin is the best characterized member of this lectin family at genetic and biological level. It is 
believed that Nictaba acts as a signalling molecule in response to stress and triggers gene 
expression through the interaction with histones (Delporte et al., 2014). Yet, the biological 
function of the lectin homologs is not yet uncovered. Recently, the distribution and expansion of 
Nictaba homologs in soybean was analysed, and indicated that both tandem and segmental 
duplications were responsible for the expansion of this family in soybean (Chapter 2; Van Holle 
& Van Damme, 2015). Although a survey of Nictaba-like genes in the plant kingdom was 
performed in the past, the number of plant species included was limited and few phylogenetic 
conclusions were drawn (Delporte et al., 2015). Further investigation of the genetic diversity of 
the family of Nictaba-like genes in crop species will yield new insights in its evolutionary 
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relationships. In this study, bioinformatics methods were employed for the identification and 
comparison of the Nictaba-like gene family in six legume species (soybean, barrel clover, 
Japanese trefoil, common bean, pigeon pea, chickpea), two Solanaceae (potato and tomato) and 
tree monocots (rice, maize and sorghum). Using a multidisciplinary analysis, new insights are 
generated and the phylogenetic relationships, domain organization, duplication modes, 
chromosome distribution and expression analysis of this family of putative lectin genes across 
different species are discussed, with a special focus on the NLL genes from soybean. The results 
provide useful information to help understand the role of Nictaba-like genes in plant growth and 
development.  
3.2 Materials and methods 
3.2.1 Data retrieval and sequence analysis 
Putative Nictaba-like genes in the different plant genomes were identified by BLASTp searches 
using the protein sequence of Nictaba (AAK84134.1). Phytozome v10.3 
(http://phytozome.jgi.doe.gov/) was used for the following plant genomes: Zea mays (v6a), 
Oryza sativa (filtered MSU release 7.0), Glycine max (Wm82.a2.v1), Phaseolus vulgaris (v1.0), 
Medicago truncatula (Mt4.0v1) and Sorghum bicolor (MIPS v3.1) (Goodstein et al., 2012). 
BLASTp searches against the genomes of Lotus japonicus (v3.0), Cicer arietinum (v1.0) and 
Cajanus cajan (v1.0) were carried out with the BLAST tool available from the legume 
Information System website (http://legumeinfo.org/) while the Solanum lycopersicum (ITAG 
release 2.40) and the Solanum tuberosum (PGSC DM v3.4) genome BLAST searches were 
executed on the Sol Genomics Network (https://solgenomics.net/tools/blast/) website. The top 
hit of each BLASTp search was used as a template for a second BLASTp search to retrieve more 
possible candidate sequences. The availability of a Pfam ID (PF14299) made it possible to use it 
as query to search the Pfam database for more possible candidate sequences (Finn et al., 2016). 
Protein sequences encoded by all potential Nictaba-like genes were downloaded and scanned 
with Interpro (http://www.ebi.ac.uk/interpro/) (Mitchell et al., 2015) to verify the presence of 
the Nictaba domain and identify any additional annotated protein domains. Only those 
sequences containing one or more lectin domain(s) were considered for further analysis.  
3.2.2 Homolog identification 
Tandem duplications of all Nictaba-like genes within one species and segmental duplications 
across the different legumes were assessed as described previously (Chapter 2: 2.2.3; Van Holle 
& Van Damme, 2015). 
Chapter 3 
52 
3.2.3 Phylogenetic analysis 
ML phylogenetic trees were constructed with the protein sequences of the lectin domains. 
Sequences were aligned with MUSCLE using the default parameters (Edgar, 2004) and blocks of 
conserved aligned sequences were generated using trimAl (Capella-Gutiérrez et al., 2009). For 
protein sequences containing multiple Nictaba domains, the separate domains were included in 
the alignment. ML based phylogenetic trees were built with RAxML v8.2.4 using the GTRGAMMA 
model, with automatic determination of the protein substitution model, random number seed, 
using distinct starting trees. Subsequent bootstrap analysis was performed to assess the 
robustness of the phylogenetic trees (Stamatakis, 2014). The FigTree v1.4.2 software 
(http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize the phylogenetic trees.  
3.2.4 Molecular modeling 
Homology modeling of Nictaba and one selected Nictaba-like lectin (GmNLL1 or 
Glyma.06G221100) from soybean was performed using YASARA Structure (Krieger et al., 2002). 
Different models were built from the X-ray coordinates of the carbohydrate-binding module 
(CBM) of the glycoside hydrolase family 10 protein from Prevotella bryantii B14 (PDB code 
4MGQ) and Bacteroides intestinalis (PDB code 4QPW) (Zhang et al., 2014), and the CBM4-2 of the 
xylanase from Rhodothermus marinus (PDB code 1K42) (Simpson et al., 2002). Finally, a hybrid 
model of the proteins was built using the different previous models. PROCHECK was used to 
assess the geometric quality of the three-dimensional models (Laskowski et al., 1993). In this 
respect, all residues of the Nictaba model were correctly assigned in the allowed regions of the 
Ramachandran plot except for three residues (Glu2, Pro71, Arg112). Similarly, three residues of 
the GmNLL1 model (Leu57, Leu140, and Thr163) were found to occur in the non-allowed region 
of the Ramachandran plots. Using ANOLEA to evaluate the models, only one residue of Nictaba 
over 165 and 14 residues of the GmNLL1 over 163 exhibited an energy higher than the threshold 
value (Melo and Feytmans, 1998). The residues were mainly located in the loop regions 
connecting the β-sheets in the models. The calculated QMEAN6 score of the Nictaba and 
Glyma.06G221100 were 0.36 and 0.41, respectively (Arnold et al., 2006; Benkert et al., 2011). 
Molecular cartoons were drawn with the UCSF Chimera package (Pettersen et al., 2004). 
Molecular modelling was performed by Prof. Pierre Rougé (University of Toulouse, France). 
3.2.5 Online tools and database resources 
Selected Nictaba-related sequences were screened for the presence of transmembrane domains 
using the TMHMM server v.2.0 and the SignalP 4.1 server was used to predict the presence of a 
signal peptide (Krogh et al., 2001; Petersen et al., 2011). Coding sequences and genomic 
sequences of GmNictaba-like genes were downloaded from Phytozome and the Gene Structure 
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Display Server 2.0 was used to determine and visualize the intron/exon organisation of the 
genes (Hu et al., 2015). Microarray data (Libault et al., 2010) were visualized in a heat map using 
the BAR HeatMapper Plus Tool (http://bar.utoronto.ca/ntools/cgi-
bin/ntools_heatmapper_plus.cgi) and logos of the Nictaba domain sequences from soybean were 
generated with WebLogo3 (Crooks et al., 2004). 
3.3 Results 
3.3.1 Genome-wide identification of Nictaba homologs in soybean 
and other food crops 
Nictaba-related genes are characterized by the presence of a CRD with sequence similarity to 
Nictaba, and have previously been identified in a limited number of plants (Lannoo et al., 2008; 
Delporte et al., 2015). In this study, a total of 266 putative Nictaba-like genes were identified in 
11 crop genomes using a combination of BLASTp, Interpro analysis and Hidden Markov models ( 
Table 3.1). In total 139 Nictaba-like genes were identified in six legume species (Glycine max, 
Phaseolus vulgaris, Cajanus cajan, Lotus japonicus, Medicago truncatula and Cicer arietinum) and 
74 genes were found in tomato and potato. In the three monocots (Oryza sativa, Zea mays and 
Sorghum bicolor), 53 Nictaba-like genes were identified. The Medicago truncatula genome 
contained the highest number (44) of Nictaba-related genes. In genomes of other leguminous 
plants and monocots, a variable gene number (13-31) was identified. Overall, the chromosome 
number or genome size is not correlated with the number of retrieved Nictaba-related genes in 
the different species. The Medicago truncatula genome amounts to 470 Mb over eight 
chromosomes and contains 44 Nictaba-like genes, while the soybean genome is more than 
double in size and in chromosome number but contains only 31 Nictaba-like genes. 
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Table 3.1: Distribution of the identified Nictaba-like genes in the different crop species 
Lineage Species Genome size 
Chromosome 
number 
Number of 
genes 
Eukaryota 
 Monocots Oryza sativa 480 Mb 12 20 
Zea mays 2400 Mb 10 16 
Sorghum bicolor 732 Mb 10 17 
 Dicots 
     Fabaceae 
 Phaseoleae Glycine max 1115 Mb 20 31 
Phaseolus vulgaris 625 Mb 11 17 
Cajanus cajan 833 Mb 11 13 
 Lotaea Lotus japonicus 470 Mb 6 21 
 Trifolieae Medicago truncatula 470 Mb 8 44 
 Cicereae Cicer arietinum 740 Mb 8 13 
     Solanaceae Solanum lycopersicum 950 Mb 12 31 
Solanum tuberosum 840 Mb 12 43 
3.3.2 Phylogenetic analysis 
To unravel the evolutionary relationships between the Nictaba homologs in the different plant 
species, a ML phylogenetic tree was constructed using the amino acid sequences encoding the 
Nictaba domain from Glycine max, Phaseolus vulgaris, Cajanus cajan, Lotus japonicus, Medicago 
truncatula, Cicer arietinum, Solanum lycopersicum, Solanum tuberosum, Oryza sativa, Zea mays 
and Sorghum bicolor (Figure 3.1).  
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Figure 3.1: ML tree constructed with RAxML and based on all 266 Nictaba domain 
sequences. Concatenated alignments of all Nictaba domain sequences were used in the RAxML 
analysis. Red dots denote the soybean specific Nictaba domain sequences. Distances are 
proportional to evolutionary distances and are specified by the scale bar (0.5) and the numbers 
refer to percentage bootstrap values. 
The phylogenetic analysis of the Nictaba homologs included only the Nictaba domain sequences 
since the complete protein sequences differ too much in length and domain organisation which 
makes it difficult to generate a suitable alignment. RAxML analysis of the 266 Nictaba-related 
sequences generated a phylogenetic tree that contained four clades. Although clade I can be 
further divided into multiple subclades, they were all classified as clade I due to the low 
bootstrap values among the subclades. All clades except for clade III contain sequences from 
both monocots as dicots, indicating a close phylogenetic relationship. These findings suggest 
that all these Nictaba-like genes have diverged from a common ancestor protein in 
Angiospermae. Clade III only contains proteins from the Solanaceae and Fabaceae, suggesting 
that this group of genes evolved independently from the monocot Nictaba-like sequences. Table 
S1 summarizes the genes that are found in the different clades of the phylogenetic tree, with 
their corresponding domain architectures. 
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Due to the high complexity of phylogeny, a phylogenetic analysis of Nictaba-like proteins from 
soybean was performed to further examine the evolutionary characteristics. The Nictaba domain 
sequences from the 31 soybean Nictaba-like proteins were used to construct the ML 
phylogenetic tree. As shown in Figure 3.2, the Nictaba-like genes from soybean can be 
categorized into seven clades. Subclade A is the largest group containing 11 members, followed 
by subclades B and F encompassing six and five members, respectively. 
Figure 3.2: Phylogenetic relationship of the soybean Nictaba-like domains. The ML tree 
was constructed with RAxML and the numbers refer to percentage bootstrap values. Distances 
are proportional to evolutionary distances. The nodes coloured in green specify the Nictaba 
domain sequences that originated from protein sequences only containing (the) Nictaba 
domain(s). The orange coloured asterisks label genes involved in tandem duplications. Genes 
labelled with the same number were found in the same tandem duplication cluster.  
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3.3.3 Structural features of the Nictaba-like genes 
Genomic information was downloaded from different databases to determine the chromosomal 
localization of the Nictaba-like genes in the crop species under study. Generally, the Nictaba-like 
genes are unevenly distributed over the chromosomes in every species and some gene clusters 
are observed (Figure 3.3). Remarkably, in Zea mays, the 16 Nictaba-like genes are located on 
only two out of ten chromosomes (chromosome 2 and chromosome 5) whereas for the other 
species, the genes are distributed over most chromosomes. Interestingly, the distribution 
patterns of the Nictaba-related genes from Solanum lycopersicum and Solanum tuberosum show 
a high similarity. 
Figure 3.3: Chromosomal distribution of the Nictaba-like genes across different species. 
All chromosomes are visualized in distinct colours and chromosome zero is defined by the 
scaffolds that could not be mapped on any of the chromosomes. 
Comparison of the domain architecture also highlighted structural diversity between the 
Nictaba-like genes from different species. Next to the Nictaba protein domain, six additional 
annotated protein domains could be identified (Table 3.2). Combinations of the Nictaba domain 
with a second Nictaba domain, an F-box domain, a protein kinase domain, a Zeta toxin domain, a 
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TIR domain, an NB-ARC domain and/or LRRs result in eight different domain architectures in 
the crops under study. In most cases, the multi-domain architecture involves the presence of an 
F-box domain N-terminally of the Nictaba domain. Furthermore, F-box Nictaba is the most 
abundant domain architecture in all plants studied here. The F-box Nictaba domain architecture 
and the single Nictaba domain architecture are the only domain combinations that were 
identified in every genome. The TIR Nictaba domain organisation is unique for the Solanaceae, 
and the combination of the NB-ARC domain, LRRs and the Nictaba domain could only be 
identified in monocots. In some species, rare combinations were identified such as the protein 
kinase domain combined with the Nictaba domain, the combination of an F-box with two 
tandemly arrayed Nictaba domains in Oryza sativa and the F-box Nictaba Zeta toxin combination 
in Medicago truncatula. A gene encoding a protein with two tandem arrayed Nictaba domains 
was identified in three species belonging to non-related families: Sorghum bicolor, Glycine max 
and Solanum tuberosum. All translated Nictaba-like protein sequences were further investigated 
for the presence of signal peptides and transmembrane domains. None of the sequences 
contained a signal peptide or transmembrane domain, suggesting these proteins are all targeted 
to the cytosol.  
Table 3.2: Domain architectures in each of the explored plant species. NB-ARC: nucleotide-
binding adaptor shared by APAF-1, R proteins, and CED-4; TIR: Toll/interleukin-1 receptor, LRR: 
leucine rich repeat. 
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Nictaba 4 3 1 5 3 1 9 12 2 14 19 
Nictaba/Nictaba 1 1 1 
F-box/Nictaba 13 12 14 25 14 12 12 31 11 16 20 
F-box/Nictaba/Nictaba 2 
F-box/Nictaba/Zeta toxin 1 
Protein kinase/Nictaba 1 
NB-ARC/LRR/LRR/LRR/LRR/Nictaba 1 1 
TIR/Nictaba 1 3 
Evolution and structural diversification of Nictaba-like genes in food crops with a focus on soybean 
59 
 
The domain organization of the Nictaba-like proteins can also be linked to their phylogenetic 
relationships. The genes from clade II and III in Figure 3.1 all encode proteins containing one or 
two Nictaba domains (Table S1). In clade I and IV, genes encoding all different types of domain 
architectures were found. Considering the Nictaba-like proteins from soybean, the single-
domain proteins containing the Nictaba domain and the amino acid sequence containing two 
tandem arrayed Nictaba domains, cluster in clade F and G of the phylogenetic tree, while the 
Nictaba domains that originate from F-box Nictaba proteins are found in clade A-E (Figure 3.2). 
This is remarkable since the ML tree was built with the amino acid sequences from the Nictaba 
domain alone. Similar observations were made with respect to the ML tree of all 266 Nictaba 
domain sequences. The four TIR Nictaba sequences cluster together in a subclade of clade A 
while clades B and C only consist of Nictaba sequences derived from Nictaba homologs with a 
single or double Nictaba domain. In clades A and D, smaller numbers of genes were found with 
this domain organisation (results not shown). 
Analysis of the intron/exon gene structure demonstrated that most genes of the GmNictaba 
family contained a conserved gene structure with three exons and two introns (Figure 3.4). 
However, some genes in clade F, which groups proteins with only the Nictaba domain, consist of 
two exons and one larger intron. Generally, closely related Nictaba-like genes showed highly 
similar intron/exon gene structures. The intron size from the genes designated to clade A for 
example, greatly differs from those in the other clades. This again demonstrates the stronger 
evolutionary relationship of genes within the same clade. 
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Figure 3.4: ML phylogenetic tree of the Nictaba-like domains in soybean with the 
corresponding exon/intron structures of the Nictaba-like genes. The Nictaba domain 
sequences were used to build the ML phylogenetic tree with RAxML. The gene intron/exon 
structures were generated using GSDS 2.0. (Hu et al., 2015). The coding sequences are visualized 
in green and the 5’ and 3’ untranslated regions are represented in blue. 
3.3.4 Tandem and segmental duplications contributed to the 
expansion of Nictaba-like genes in all crops 
Expansion of the Nictaba-like genes was investigated by identification of tandem duplication 
clusters and demonstrated that tandemly duplicated genes are present in all crop species (Table 
3.3). In barrel clover and potato, the two species with the highest number of Nictaba-like genes, 
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more than 50 % of the genes were detected in tandem duplication clusters. For the tandemly 
duplicated soybean Nictaba-like genes, most genes originating from one tandem duplication 
cluster, cluster together in the same clade of the phylogenetic tree (Figure 3.2). 
Table 3.3: Tandem duplications contributed to gene expansion in all investigated crop 
species 
Species 
Number of 
Nictaba-like 
genes 
Number of 
tandem 
duplication 
clusters 
Total number 
of genes 
involved 
Percentage 
Oryza sativa 20 2 7 35,0 
Zea mays 16 3 6 37,5 
Sorghum bicolor 17 1 8 47,1 
Glycine max 31 5 13 41,9 
Phaseolus vulgaris 17 2 4 23,5 
Cajanus cajan 13 2 5 38,5 
Lotus japonicus 21 3 6 28,6 
Medicago truncatula 44 5 24 54,5 
Cicer arietinum 13 1 3 23,1 
Solanum lycopersicum 31 6 14 45,2 
Solanum tuberosum 43 10 29 67,4 
Additionally, the PGDD was used to explore the presence of orthologous Nictaba-like genes in 
the legume family. Segmental duplications of Nictaba-like genes between soybean and the other 
legumes are represented in Figure 3.5 and visualises the links between evolutionary related 
Nictaba-like genes. The Nictaba-like genes from Glycine max and Phaseolus vulgaris show the 
highest number of orthologous genes. Of all legumes, the number of orthologs is found between 
Glycine max and Lotus japonicus; only four genes were found to be segmentally duplicated. 
Strikingly, some of the soybean Nictaba-like genes have the same orthologs in all legumes 
(except for Lotus japonicus). These are mainly the Nictaba-like genes that are located on 
chromosomes 3, 5, 7, 9, 10, 16 and 20 of soybean. 
Figure 3.5: Comparative analysis of orthologous genes of Nictaba-like genes between soybean and five legumes. Coloured lines represent the 
orthologs between the legume genomes. Bars in diverse colours represent the chromosomes of the different legumes in a circular way: Gm: Glycine 
max, Pv: Phaseolus vulgaris, Cc: Cajanus cajan, Lj: Lotus japonicus, Ca: Cicer arietinum, Mt: Medicago truncatula. 
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3.3.5 Expression pattern of the Nictaba-related genes from soybean 
To get additional insight into the regulation of Nictaba-like genes, the expression pattern of 
soybean Nictaba-like genes was investigated using the available microarray data (Libault et al., 
2010). Transcription profiles of the GmNictaba-like genes in seven different tissues were 
collected and analysed: the shoot apical meristem, flowers, green pods, leaves, nodules, roots 
and root tips.  No data was available for the following Nictaba-like genes: Glyma.20G220100, 
Glyma.20G220200, Glyma.07G222500, Glyma.03G233900 and Glyma.06G271000. Judging from the 
heat map (Figure 3.6), the soybean Nictaba-like genes showed a dynamic expression pattern. 
Not all genes belonging to the same phylogenetic clade show similar transcription profiles. 
While some genes are highly expressed in all examined tissues (Glyma.03G189500 and 
Glyma.10G169600), others show much lower expression or are hardly detectable 
(Glyma.20G220300, Glyma.06G270800). 
Figure 3.6: Expression levels of soybean Nictaba-like genes inferred from microarray data 
in different tissues. Log2 transformed microarray data (Libault et al., 2010) was visualized in a 
heat map using the BAR HeatMapper Plus Tool (http://bar.utoronto.ca/ntools/cgi-
bin/ntools_heatmapper_plus.cgi). SAM: shoot apical meristem. 
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3.3.6 Molecular modeling of a Nictaba-like protein from soybean 
reveals structural resemblance to the tobacco lectin 
Despite the lack of a three-dimensional structure of the tobacco lectin, the availability of a 
structure model of Nictaba accommodated new insights in some amino acid residues which are 
important for the carbohydrate-binding activity of the lectin (Schouppe et al., 2010). Molecular 
models built for Nictaba and a selected soybean Nictaba homolog (GmNLL1) (encoded by 
Glyma.06G221100) revealed that both Nictaba and GmNLL1 exhibit the canonical β-sandwich 
core structure of the CBM of glycoside hydrolase family 10 enzymes (Figure 3.7). However, they 
differ by the size and the shape of the loops connecting the strands of β-sheets.  
Figure 3.7: Molecular modeling of Nictaba and a soybean Nictaba-like protein. Ribbon 
diagrams show the front (A, C) and side (B, D) view of Nictaba and GmNLL1, respectively. The
molecular surface, α-helices, β-sheets and loop/turns are coloured yellow, orange, purple and 
green, respectively. The conserved Trp-residues important for the carbohydrate-binding activity 
of Nictaba are shown on the models and indicated with arrows.  
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To gain insight into the conserved residues in the Nictaba domain sequences from soybean, 
sequences logos were created using WebLogo3 (Crooks et al., 2004). Several highly conserved 
amino acid residues are present in all GmNictaba sequences as depicted in Figure 3.8. 
Interestingly, the two tryptophan residues that are necessary for the carbohydrate-binding 
activity of the tobacco lectin (Schouppe et al., 2010), are strongly conserved in the soybean 
Nictaba-like sequences (Figure 3.8, positions 17 and 28). Amino acid residues in some other 
regions displayed varying levels of sequence conservation. 
Figure 3.8: Logo of the Nictaba-like amino acid sequences from soybean. The logo was 
created with WebLogo3 (Crooks et al., 2004) and consists of stacks of amino acids for each 
position. Sequence conservation at each position is indicated by the overall height of the stack
while the height of an amino acid within a stack indicates the relative frequency of that amino 
acid. Positions 141 to 169 were deleted since these positions contained no information. The 
conserved Trp-residues important for the carbohydrate-binding activity of Nictaba are marked 
with an arrow.  
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3.4 Discussion 
A growing body of evidence has pointed to the involvement of Nictaba-like genes in plant stress 
responses. The tobacco lectin was shown to be induced by jasmonate treatment and insect 
herbivory (Chen et al., 2002; Vandenborre et al., 2009a). Presumably, Nictaba acts as a signalling 
molecule in response to stress which results in altered gene expression, caused by the 
interaction with the O-GlcNAc modified histones (Delporte et al., 2015). Recently, an F-box
Nictaba protein from Arabidopsis was also linked to the plant stress response, since 
overexpression of this gene in Arabidopsis showed reduced disease symptoms upon infection of 
Pseudomonas syringae (Stefanowicz, 2015). This study provides a comprehensive overview of 
the Nictaba-like gene family in 11 crop species across different linages of the vascular plant tree 
(Oryza sativa, Zea mays, Sorghum bicolor, Glycine max, Phaseolus vulgaris, Cajanus cajan, Lotus 
japonicus, Medicago truncatula, Cicer arietinum, Solanum lycopersicum and Solanum tuberosum), 
with a special focus on soybean. 
A total of 266 putative Nictaba lectin genes were identified in 11 crop species with variable gene 
numbers (ranging from 11 until 44) in each species. These results are similar to those described 
in previous reports (Delporte et al., 2015; Van Holle and Van Damme, 2015). The discrepancy 
across species could not be explained by the genome size or chromosome number. Furthermore, 
the Nictaba-like genes were randomly distributed over the chromosomes. For soybean, the high 
number of Nictaba-like genes spread over the different chromosomes can be attributed to the 
highly duplicated genome, in which 75 % of its genes is present in multiple copies, and where 
the duplication events were followed by many chromosome rearrangements (Schmutz et al., 
2010). Analysis of the domain architectures indicated that the single-domain Nictaba protein 
and the multi-domain F-box Nictaba architectures are ubiquitous among all analysed species, 
which is consistent with the results of earlier studies (Lannoo et al., 2008; Delporte et al., 2015). 
Other architectures were found to be specific to a certain plant family. For example, the TIR 
Nictaba encoding genes were restricted to the Solanaceae and the combination of the NB-ARC 
domain, the Nictaba domain and LRRs was only identified in monocots. As repeatedly discussed, 
formation of multi-domain proteins through domain combination is an important process that
gives rise to proteins with new functions (Björklund et al., 2005; Kummerfeld and Teichmann, 
2005; Vogel et al., 2005; Bashton and Chothia, 2007). Domain combination and convergence and 
divergence of protein domains could be driven by sub- and/or neofunctionalization of 
duplicated genes upon gene or genome duplications (Lynch and Conery, 2000; Taylor and Raes, 
2004; Gough, 2005; Vogel and Morea, 2006). LRR domain containing proteins for example, are 
thought to be associated with the plant’s response to stress adaptation and tolerance (Schaper 
and Anisimova, 2015; Sharma and Pandey, 2016). Genes encoding proteins with a double 
Nictaba domain have been identified in three non-related species (Sorghum bicolor, Glycine max
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and Solanum lycopersicum) but this could be the result of independent domain reorganisations 
within the different linages. Analysis of all currently known protein sequences indicated that 
repeats of the same domain in multi-domain architecture families is a very common 
phenomenon (Björklund et al., 2006; Levitt, 2009). What is more, new single-domain 
architecture families are emerging slowly while formation of multi-domain architecture families 
is growing exponentially by rearrangement and/or combination of existing domains (Moore et 
al., 2008; Levitt, 2009). In addition, it was shown that single domain families are mostly shared 
by large groups of species whereas multi-domain architectures are much more specific and 
account for species diversity (Levitt, 2009). This is in accordance with our data: rare domain 
combinations of the Nictaba domain could only be identified in a limited number of species 
while the single Nictaba domain and the multi-domain F-box Nictaba architecture have an 
omnipresent character.  
Gene family expansion is governed by tandem duplication, segmental duplication and gene 
transposition events (Ohno, 1970; Zhang, 2003; Cannon et al., 2004). Of all identified Nictaba-
like genes, a significant share was shown to be involved in tandem duplications, explaining the 
greater expansion of Nictaba-like genes in some species. Furthermore, by comparing 
interspecies gene orthologs, several Nictaba-related genes from soybean show extensive 
conservation with genomic segments in Medicago truncatula, Phaseolus vulgaris, Cicer arietinum 
and Cajanus cajan. These results demonstrated the shared evolutionary relationship of some 
Nictaba-like genes from the investigated legumes, and are consistent with the documented WGD 
events in the legume family (Shoemaker et al., 2006; Schmutz et al., 2014). A high degree 
number of orthologs between the soybean genome and other legume genomes has previously 
also been reported considering the heat shock TF gene family, the auxin gene family and the 
alcohol dehydrogenase gene family (Fukuda et al., 2005; Lin et al., 2014a; Singh and Jain, 2015). 
The variability between the different species indicates lineage-specific gene gain or loss over 
time. These findings were further supported by the phylogenetic analysis revealing four clades 
in which all Nictaba-like genes could be classified. All soybean Nictaba-like genes from clade II 
and III have a Nictaba-domain architecture while domain architectures are diverse in the other 
clades, assuming that the genes from clade II and III are descendants of a shared ancestral 
Nictaba-like gene (containing only the Nictaba domain). Moreover, all sequences from clade III 
belong to dicots, suggesting these have evolved independently of the monocot linage. The 
presence of sequences originating from single-domain Nictaba architectures in clades I and IV 
could be attributed to differential domain loss events in different species. Probably, these 
former F-box Nictaba sequences lost the F-box domain over time. This is supported by the 
longer length of the some of the Nictaba-related sequences in these groups as the Nictaba 
domain is preceded by an N-terminal domain without annotated protein domain. Except for 
clade III, sequences from both monocots and dicots are clustered in the same group, 
demonstrating these genes have diverged from a common ancestor protein. The soybean genes 
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encoding F-box Nictaba proteins and the Nictaba (with one or two domains) proteins were 
found in distinct groups of the phylogenetic tree (Figure 3.2). A similar tree was observed using 
an alignment of the F-box domain sequences. This clearly demonstrates that the F-box and the 
Nictaba protein domains evolved together, and that the genes encoding F-box Nictaba proteins 
did not arise by re-shuffling of the individual protein domains. The data suggest that Nictaba 
encoding genes are widespread throughout the plant kingdom and the maintenance of these 
genes in all genomes during multiple rounds of genome duplications, gene loss and gene 
rearrangements points to a selective pressure on these genes.  
Microarray data revealed that the Nictaba-like genes showed a diverse expression pattern 
between the different tissues of soybean, indicating they play roles in multiple developmental 
stages. In addition, genes within the same phylogenetic clade did not show similar transcription 
profiles. Most of the genes showed a moderate or high expression in one or more of the analysed 
tissues, however, two genes (Glyma.20G220300 and Glyma.06G270800) were relatively low 
expressed in all tissues. For five other Nictaba-like genes, no expression data was available. 
These findings could indicate that some Nictaba-like genes from soybean might only be 
expressed upon stress conditions, similar to the Nictaba-like gene from tobacco (Chen et al., 
2002). Additionally, the diverse expression pattern of the soybean Nictaba-like genes might be 
the result of sub- or neofunctionalization of duplicated genes and could explain the large number 
of Nictaba-like genes in soybean and why they were retained in the genome upon different WGD 
events (Van de Peer et al., 2009). To determine whether this divergence resulted in distinct 
functions of the soybean Nictaba homologs, functional analysis will have to be performed in the 
future. Similar to the tobacco lectin, evidence was presented that Arabidopsis F-box Nictaba 
proteins are associated with stress signalling (Stefanowicz et al., 2015). A three-dimensional 
protein model of Nictaba and one of the soybean Nictaba-like proteins was made based on the 
structural homology with the carbohydrate-binding modules of some glycoside hydrolase family 
10 proteins. Analysis of the model revealed that similar to Nictaba (Schouppe et al., 2010), the 
soybean homolog also consists of β-sheets. Structurally related proteins often share a similar 
molecular functions (Brylinski and Skolnick, 2008; Drew et al., 2011; Rentzsch and Orengo, 
2013) which is supported by the conservation of two tryptophan residues in most of the 
GmNictaba domain sequences, which were shown to be indispensable for lectin activity of
Nictaba (Schouppe et al., 2010). These Nictaba homologs most likely represent functional 
carbohydrate-binding proteins. However, the sugar-binding specificity will probably not be 
conserved since multiple homologous lectin domains were shown to exhibit unique 
carbohydrate-binding specificities (Fouquaert and Van Damme, 2012; Stefanowicz et al., 2012). 
Further studies are necessary to elucidate the specific carbohydrate-binding specificities of 
Nictaba-like proteins in other species.  
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This research focused on the dynamic evolution of Nictaba-related genes in eleven crop species 
and revealed great divergence. Probably, a complex interplay of WGD and tandem and segmental 
duplication events resulted in the different domain architectures. Given the large number of 
identified Nictaba homologs, these are expected to play diverse roles in plant development and 
defence. We believe that these sub- or neofunctionalized genes were preserved in the different 
species as these new genes could help plants to adapt to a broader range of environmental 
conditions. Further detailed analysis of Nictaba homologs in the different species will facilitate 
insights related to their function in plant development and stress responses (see chapter 4 and 
5). 

4 
Developmental and 
tissue-specific expression of three 
Nictaba-like genes in Glycine max 
Part of the manuscript in preparation: 
Van Holle S, Smagghe G & Van Damme EJM Overexpression of Nictaba-like lectin genes from 
Glycine max confers tolerance towards Pseudomonas syringae infection, aphid infestation and 
salt stress in transgenic Arabidopsis plants.  
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Abstract 
Little is known about the possible roles of Nictaba-like proteins in plants. Although the tobacco 
lectin, Nictaba, has been studied extensively for its biological activity, its physiological 
importance is still enigmatic. Similarly, the biological function of the Nictaba homologs from 
soybean is yet unclear. In this study, the subcellular localization of the Nictaba-like lectins from 
soybean was corroborated by transient expression of green fluorescent protein (EGFP) fusion 
constructs in Nicotiana benthamiana leaves, and stable transformation of tobacco Bright Yellow-
2 (BY-2) suspension cells. Confocal laser scanning microscopy revealed a nucleocytoplasmic 
localization of the NLLs under study. In addition, the temporal and spatial expression of the 
soybean Nictaba-like encoding genes was characterized during both vegetative and reproductive 
development of the plant. RT-qPCR analysis showed a tissue and developmental-specific 
expression of the NLL genes in soybean. Our findings provide insight in the physiological 
function of Nictaba-like lectins from soybean. 
4.1 Introduction 
Plants synthesise several carbohydrate-binding proteins (lectins) upon exposure to stress 
situations such as drought, hormone treatment, pathogen attack or insect herbivory (Peumans 
and Van Damme, 1995; Lannoo and Van Damme, 2014). In contrast to the classical plant lectins, 
which are located in the vacuolar or the extracellular compartment of the plant cell, the recently 
discovered class of inducible lectins accumulates in the plant nucleus and/or the cytoplasm 
(Lannoo and Van Damme, 2010). To date, at least six CRDs have been identified within the group 
of nucleocytoplasmic plant lectins. One of these domains was first discovered in the Nicotiana 
tabacum (tobacco) agglutinin, further referred to as Nictaba. Under normal conditions, this lectin 
is not detectable in tobacco plants, but its expression is induced by jasmonate treatment or 
insect herbivory (Chen et al., 2002; Vandenborre et al., 2009a, 2010). An immunocytochemical 
localization study using polyclonal antibodies directed against Nictaba demonstrated the 
presence of the protein in the cytoplasm and nucleus of leaf parenchyma cells (Chen et al., 2002). 
Furthermore, qualitative analysis of the Nictaba promoter in Arabidopsis recently also showed 
promoter activity in root tissue and the expression of Nictaba in the roots of tobacco was 
confirmed by ELISA and Western blot analysis (Delporte et al., 2011). Localization studies using 
EGFP tagging of the protein verified the nucleocytoplasmic localization in different systems. 
Both transiently and stably transformed tobacco BY-2 suspension cells and transiently 
transformed Nictotiana benthamiana leaves yielded highly similar results. The stress inducible 
expression of Nictaba, the specific localization in the nucleus and cytoplasm, the specificity of the 
protein towards GlcNAc oligomers, high-mannose and complex N-glycans (Lannoo et al., 2006) 
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together with the identification of core histones as interacting proteins, suggest that Nictaba 
might fulfil a signalling role in response to stress by interacting with O-GlcNAcylated histones in 
the plant nucleus (Schouppe et al., 2011; Delporte et al., 2014). 
A survey of the genome/transcriptome databases indicated that Nictaba orthologs are 
widespread among plants. At present only a few Nictaba-related proteins have been studied at 
protein level. Furthermore it remains to be shown whether Nictaba orthologs in other species 
have similar biological properties as the lectin from tobacco. In soybean (Glycine max), a total of 
31 Nictaba orthologs were identified. Analysis of the domain organization demonstrated that 
most of them encode chimerolectins, consisting of the Nictaba lectin domain combined with an 
F-box domain (Chapter 2, Van Holle and Van Damme, 2015). In our work, we aimed to study the 
Nictaba orthologs that encompass one or two Nictaba domains as building blocks. Initially, we 
isolated the corresponding cDNA sequences for all GmNLLs and investigated the subcellular 
localization of the proteins in transiently transformed N. benthamiana leaves and stably 
transformed tobacco BY-2 suspension cells. Three of these soybean Nictaba-like lectins 
(GmNLLs: NLL1, NLL2, NLL3) were selected to elucidate the role and mode of action of the 
Nictaba-like lectins from a model legume species since the others did not yield any result in the 
localization assay. In addition, the temporal and spatial expression of these genes was 
characterized by RT-qPCR as this can yield interesting information with respect to their 
biological function. 
4.2 Materials and methods 
4.2.1 Plant material and growth conditions 
Nicotiana benthamiana seeds were kindly supplied by dr. Verne A. Sisson (Oxford Tobacco 
Research Station, Oxford, NC, USA). Glycine max cv Williams seeds were ordered from the USDA 
Soybean Germplasm Collection in Urbana (IL, USA). Both N. benthamiana and G. max plants were 
sown in pots containing commercial soil and grown in a growth chamber at 26 °C with a 16/8 hr 
light/dark photoperiod. The Nicotiana tabacum cv BY-2 cell suspension culture was obtained 
from the department of Plant Systems Biology (Flanders Institute for Biotechnology, Zwijnaarde, 
Belgium). The cells were maintained in 300 ml Erlenmeyer flasks containing 40 ml of liquid 
medium (4.3 g/litre Murashige & Skoog (MS) including micro and macro nutrients (Duchefa), 
30 g/litre sucrose, 0.2 g/litre KH2PO4, 0.4 mg/litre 2.4-D, 1 mg/litre thiamine, 100 mg/litre myo-
inositol, pH 5.7) and grown on a rotary shaker (150 rpm) at 25 °C in the dark. Cells were 
subcultured weekly by adding 2 ml of the dense cell culture into 40 ml of fresh medium.  
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4.2.2 Cloning of the Nictaba-like sequences from soybean 
Trifoliate leaves from 18-day-old soybean plants were collected for RNA extraction. Total RNA 
was extracted using TRI Reagent® according to the manufacturer’s instructions (Sigma-
Aldrich). Residual genomic DNA was removed by a DNase I treatment (Life Technologies). 
Briefly, the extracted RNA was treated with two units of RNase-free DNase I and incubated at 
37 °C for 30 min. Then, the reaction was inactivated by addition of 2 µl 25 mM EDTA and 
subsequent incubation at 65 °C for 10 min. RNA was quantified with a NanoDrop 2000 
spectrophotometer (Thermo Scientific). Reverse transcriptase reactions were performed with 
1 µg of total RNA using moloney murine leukemia virus reverse transcriptase (M-MLV RT) and 
poly(A) oligo(dT)25 primers (Life Technologies). The full length cDNA corresponding to NLL1 
(Glyma.06G221100), NLL2 (Glyma.20G020900) and NLL3 (Glyma.20G021000) were obtained by 
RT-PCR reactions with gene specific primers (Table S2). Finally, the PCR products were ligated 
in the pJET2.1 vector with the CloneJET PCR Cloning kit according to the manufacturer’s 
instructions (Life Technologies) and constructs were sequenced (LGC Genomics, Berlin, 
Germany) to confirm the cDNA sequence of the GmNLLs.  
4.2.3 Construction of expression vectors 
Vectors for expression of each of the soybean NLLs both N- or C-terminally linked to EGFP under 
control of the CaMV 35S promoter were constructed using Life Technologies’ (Carlsbad, CA, 
USA) Gateway® Cloning Technology. First, the cDNA clones were used in two consecutive PCRs 
as template and amplified with primers to attach attB sites to the PCR product. In the first PCR, 
the coding sequence of the GmNLLs was amplified using Platinum® Pfx DNA Polymerase (Life 
Technologies) and primers with stop codon (evd1022/evd1032 (NLL1), evd1024/evd1033 
(NLL2) and evd1026/evd1034 (NLL3)) or without stop codon (evd1022/evd1023 (NLL1), 
evd1024/evd1025 (NLL2) and evd1026/evd1027 (NLL3)) (Table S3). Next, primers evd2/evd4 
were used in the second PCR to complete the attB sites. Cycling parameters were as follows: 
2 min at 94 °C, 25 cycles (15 s at 94 °C, 30 s at 48 °C, 1.5 min at 68 °C), 5 min at 68 °C for the first 
PCR and 2 min at 94 °C, 5 cycles (15 s at 94 °C, 30 s at 48 °C, 1.5 min at 68 °C), 25 cycles (15 s at 
94 °C, 30 s at 55 °C, 1.5 min at 68 °C), 5 min at 68 °C for the second PCR. The obtained PCR 
products were suitable as substrates in a BP recombination reaction with the pDONR221 donor 
vector. Therefore, equimolar amounts of the attB PCR products and the donor vector were 
incubated overnight with the BP Clonase® II enzyme mix. The obtained entry clones (with and 
without stop codon) were then transformed into heat-shock competent E. coli strain TOP 10 
cells. Transformants were subsequently grown on LB agar plates (supplemented with 50 µg/ml 
kanamycin) and screened by colony PCR. The entry clones were purified using the GeneJET 
Plasmid Miniprep kit (Life Technologies) and sequenced by LGC Genomics (Berlin, Germany) 
with the DONR-F sequencing primer. Finally the entry clones were recombined with the 
destination vectors to create the desired expression clones. The pK7WGF2,0 and pK7FWG2,0 
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destination vectors (Karimi et al., 2002) were used to create N- or C-terminal EGFP fusions to 
the NLL sequences, respectively. These reactions were conducted in an overnight incubation to 
increase yield, as described in the instruction manual.  
4.2.4 Transient transformation of N. benthamiana plants 
The binary vectors carrying the different EGFP fusion constructs were introduced into 
Agrobacterium tumefaciens C58C1 Rif (pGV4000) using the freeze/thaw transformation method. 
Briefly, 1 µg of the expression clones was added to competent A. tumefaciens cells followed by an 
incubation of 30 minutes on ice. Next, the cells were frozen in liquid nitrogen, thawed at 37 °C 
for 5 minutes, and after addition of 1 ml of preheated LB medium, the cells were incubated for 
2 hours at 26 °C. Transformed cells were selected on LB agar plates containing 50 µg/ml 
spectinomycin and screened by colony PCR.  
Transient expression of the fluorescent fusion proteins was conducted as described by Sparkes 
et al. (2006). A. tumefaciens cultures harbouring the different constructs were grown in 5 ml 
liquid LB medium amended with spectinomycin (50 µg/ml) for two days at 26 °C on a rotary 
shaker (200 rpm). Cells were harvested by centrifugation and re-suspended in infiltration 
medium (50 mM MES, 2 mM Na2HPO4, 0.5 % (m/v) glucose, pH 5.6). The wash step was 
repeated twice, using infiltration medium supplemented with 100 μM acetosyringone in the 
second wash. The cells were diluted to yield a final optical density at 600 nm of 0.1, 0.05 and 
0.01. The abaxial epidermis of young leaves of 4- to 6-week-old N. benthamiana plants was 
infiltrated with the Agrobacterium suspension harbouring the different constructs and the plants 
were further grown in the growth chamber. Two days post-infiltration, the infiltrated leaf areas 
were cut and analyzed microscopically.  
For colocalization experiments, leaves were co-infiltrated with a 1:1 mixture of both the 
Agrobacterium culture carrying the red fluorescent protein (RFP)-AtNAP:2 transporter fusion 
protein (Marin et al., 2006) and the cultures containing the NLL-EGFP or EGFP-NLL fusions. 
DAPI (4',6-diamidino-2-phenylindole) staining of the nuclear compartments was performed by 
infiltration of the leaves two days post-infection with 10 µg/ml PBS dissolved DAPI, followed by 
a 20 minute incubation in the dark and subsequent microscopic analysis (Ricardi et al., 2012). 
4.2.5 Stable transformation of N. tabacum cv BY-2 cells 
A tobacco BY-2 cell suspension culture was stably transformed with the C- or N-terminal tagged 
EGFP fusion constructs under the control of the 35S promoter. The transformation was initiated 
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by dilution of a seven-day-old wild type culture (2 ml, 3 ml and 4 ml) in 40 ml MS medium. 
Agrobacterium tumefaciens strain LBA4404 was transformed with the expression clones by 
triparental mating. The transformed cells were grown for two days at 26 °C in 5 ml YEB medium 
(5 g/litre beef extract, 5 g/litre peptone, 1 g/litre yeast extract, 5 g/litre sucrose) containing 
spectinomycin (50 µg/ml) and gentamycin (20 µg/ml). Then the Agrobacterium culture was 
diluted (1:5) in YEB without antibiotics and grown overnight under the same conditions. The 
four-day-old BY-2 cells (4 ml) were mixed with 300 µl of bacteria and co-cultivated for two days 
without shaking at 25 °C. Next, the mixtures were spread on MS agar plates containing 
kanamycin (100 µg/ml), carbenicillin (500 µg/ml) and vancomycin (200 µg/ml), and incubated 
at 25 °C in the dark. After two to three weeks, calli became visible and were transferred to new 
selective medium. Calli expressing the EGFP fusion constructs were selected using confocal 
microscopy and suspended in liquid medium containing 100 µg/ml kanamycin. 
4.2.6 Confocal microscopy and image analysis 
Images were acquired with a Nikon A1R confocal laser scanning microscope (Nikon 
Instruments) mounted on a Nikon Ti-E inverted epifluorescence body with an S Plan Fluor 
ELWD 40× Ph2 ADM objective (NA 0.60). Different fluorescent images were acquired along the 
z-axis to create a picture of the complete cell. EGFP was excited with a 488 nm argon ion laser, 
RFP was excited with a 543.5 nm laser and DAPI was excited with a 385 nm laser. Emission 
filters were 515-530 nm for EGFP, 555-584 nm for RFP and 430-470 nm for DAPI. Image 
analysis was conducted in Fiji (Schindelin et al., 2012) and the JaCoP tool (Bolte and Cordelieres, 
2006) was used for colocalization analysis. 
4.2.7 Real-time quantitative RT-PCR 
For gene expression analysis, plant material of four plants at the desired developmental stages 
was pooled, immediately frozen in liquid nitrogen and stored at -80 °C until further analysis. The 
plant material was ground in liquid nitrogen and subsequent RNA extraction was performed 
using TriReagent® (Sigma-Aldrich). Next, a DNAse I treatment (Life Technologies) was 
performed and the RNA concentration and quality was assessed with the NanoDrop 2000 
spectrophotometer (Thermo Scientific). First-strand cDNA was synthesized from 1 µg of total 
RNA with oligo(dT)25 primers and 200 U of M-MLV reverse transcriptase (Life Technologies), 
following, the cDNA was diluted 2.5 times. Subsequently, the cDNA quality was checked by RT-
PCR with SKP1/Ask-interacting protein 16 primers (SKIP16, Table S4). Quantitative real-time 
RT–PCR was performed with the 96-well CFX Connect™ Real-Time PCR Detection System (Bio-
Rad) using the SensiMix™ SYBR® No-ROX One-Step kit (Bioline Reagents Limited, London, UK). 
Reactions were conducted in a total volume of 20 µl containing 1 x SensiMix™ SYBR® No-ROX 
One-Step mix, 500 nM gene specific forward and reverse primer and 2 µl cDNA template. RT-
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qPCR was performed under following conditions: 10 min at 95 °C, 45 cycles of 15 s at 95 °C, 25 s 
at 60 °C, and 20 s at 72 °C and a melting curve was generated after every RT-qPCR run. Three 
independent biological replicates and three technical replicates were analysed together using 
the sample maximization approach (Hellemans et al., 2007). Expression data was normalized 
using three reference genes (UKN1 (Glyma.12G020500), SKIP16 (Glyma.12G051100) and Act11 
(Glyma.18G290800)) that show the most stable expression among various developmental stages 
and different tissues (Hu et al., 2009). Melting curve analysis was performed after each run (Bio-
Rad CFX Manager 3.1 software). Reference gene stability and quality control of the samples were 
validated in the qBASEPLUS software (Hellemans et al., 2007) and the results were statistically 
evaluated with the REST-384 software using the pair wise fixed reallocation randomization test 
(with 2000 randomizations) (Pfaffl et al., 2002). Gene specific primers were designed using 
Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) and the specificity (BLAST 
search) and presence of SNPs were analysed in silico, next to the secondary structure evaluation 
of the amplicon (Derveaux et al., 2010). Gene specific primers (Table S4) were evaluated by 
verification of the amplicon and determination of the amplification efficiency.  
4.2.8 Online tools 
Prediction of protein subcellular localization and signal peptide were performed with the 
TargetP 1.1 and SignalP 4.1 server, respectively (Emanuelsson et al., 2000; Petersen et al., 2011). 
BLAST searches were conducted on the Phytozome website 
(https://phytozome.jgi.doe.gov/pz/) using default settings. Multiple sequence alignments and 
pairwise sequence alignments were performed with ClustalO 1.2.1 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and EMBOSS Water 
(http://www.ebi.ac.uk/Tools/psa/emboss_water/) respectively. Normalized RNA-sequencing 
data was downloaded on the SoyBase website (http://soybase.org/soyseq/) (Severin et al., 
2010). 
4.3 Results 
4.3.1 The Nictaba-like lectins from soybean show high sequence 
similarity to Nictaba 
Comparison between the amino acid sequences from Nictaba (encoded by AF389848) and the 
Nictaba-like proteins from soybean showed that these sequences are highly related. Contrary to 
the tobacco lectin sequence, which only consists of a Nictaba domain, the Nictaba domain from 
the GmNLL1 are preceded by an N-terminal domain of 24 amino acids. The GmNLL2 sequence 
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encodes an N-terminal domain of 66 amino acids, followed by two Nictaba domains separated by 
a 52 amino acid linker (Figure 4.1). BLASTp searches revealed that the N-terminal sequences of 
NLL1 and NLL2 show no homology to any other plant protein. The N-terminal sequence of NLL3 
showed high sequence identity to the N-terminus of two other closely related Nictaba-like 
proteins from soybean (Glyma.20G021200 – 72 % and Glyma.07G222500 – 68 %). 
 
Figure 4.1: Domain architecture of the Nictaba-like homologs from soybean under study: 
NLL1 (Glyma.06G221100), NLL2 (Glyma.20G020900) and NLL3 (Glyma.20G021000) 
 
 
Amino acid sequence alignment of Nictaba with the Nictaba domains of the GmNLLs revealed 
26 %, 39 % and 30 % sequence identity and 39 %, 48 % and 49 % sequence similarity for NLL1, 
NLL2 and NLL3, respectively. Additionally, the two Trp residues which are imperative for the 
carbohydrate-binding activity of the tobacco lectin (Schouppe et al., 2010), are conserved in the 
soybean Nictaba homologs (Figure 4.2). Nonetheless, it remains difficult to make predictions 
regarding the sugar-binding specificity of the homologs based on sequence homology 
(Stefanowicz et al., 2012). The putative nuclear localization signal (NLS) sequence (102KKKK105) 
present in the Nictaba sequence was not conserved in the GmNLLs sequences (Figure 4.2). 
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Figure 4.2: Sequence alignment of the trimmed Nictaba sequence and the Nictaba 
domains of NLL1, NLL2 (NLL2.1: domain one, NLL2.2: domain two) and NLL3 from 
soybean using ClustalO. The conserved Trp-residues important for the carbohydrate-binding 
activity of Nictaba are marked in bold and the proposed NLS of Nictaba is underlined. 
4.3.2 The Nictaba-like lectins from soybean localize to the nucleus 
and cytoplasm 
Analysis of the GmNLL sequences using the SignalP 4.1 server (Petersen et al., 2011) indicated 
the absence of a signal peptide, suggesting that these proteins are synthesized on free ribosomes 
and reside in the cytoplasm. Using the TargetP 1.1 software (Emanuelsson et al., 2000), no clear 
subcellular localization pattern could be determined. The subcellular localization of the soybean 
Nictaba-like proteins was investigated by construction of fusion proteins with EGFP. The 
Gateway cloning system was used to create N- or C-terminal EGFP fusions under the control of 
the CaMV 35S promoter (Figure 4.3). 
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Figure 4.3: Schematic representation of the expression vectors with (A) N- or (B) C-
terminal EGFP fusion constructs. LB: left T-DNA border sequence, KanR: nptII (kanamycin 
resistance gene), T35S: CaMV 35S terminator, NLL: coding sequence of Nictaba-like genes, EGFP: 
enhanced fluorescent protein gene, p35S: CaMV 35S promoter, RB: right T-DNA border 
sequence.  
The constructs were used for both transient expression in Nicotiana benthamiana leaves and 
stable transformation of tobacco BY-2 suspension cells. Similar results were obtained with both 
techniques and demonstrate that NLL1 and NLL2 localize to the nucleus and the cytoplasm 
(Figure 4.4). This was the case for the N- as well as the C-terminal EGFP fusion to NLL1 and 
NLL2. Surprisingly, confocal fluorescence microscopy illustrated that the occurrence of the EGFP 
tag at the C-terminus of NLL3 leads to a different subcellular localization in comparison with the 
N-terminal EGFP fusion (Figure 4.4, Figure 4.5). EGFP-NLL3 yielded fluorescence in the nucleus 
and cytoplasm while for NLL3-EGFP, no fluorescence could be observed in the nucleus. 
Fluorescence in the nucleus due to expression of the EGFP fusion constructs was verified by 
DAPI infiltration of tobacco leaves. DAPI is a fluorescent stain that strongly binds DNA and is 
therefore frequently used in fluorescence microscopy. In the case of GmNLL1 and GmNLL2, the 
fluorescence of EGFP and DAPI coincided in the nuclear compartment (results not shown). The 
absence of fluorescence in the nucleus for the NLL3-EGFP fusion protein was confirmed by both 
confocal microscopy (Figure 4.6A) and subsequent analysis of colocalization coefficients (Figure 
4.6B). Pearson’s coefficient as well as Manders M1 and M2 coefficients confirm the nuclear 
localization of EGFP-NLL3 while the coefficient values of NLL3-EGFP with DAPI are remarkably 
lower, indicating there is no colocalization of the fluorescent signal in the two channels.  
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Figure 4.4: Localization pattern of N- and C-terminal EGFP fusion constructs expressed in 
transiently transformed N. benthamiana leaves 
Figure 4.5: Localization pattern of N- and C-terminal EGFP fusion constructs expressed in 
stably transformed BY-2 cells 
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Figure 4.6: Colocalization analysis of EGFP-NLL3 and NLL3-EGFP with DAPI in transiently 
transformed N. benthamiana leaves. (A) Confocal microscopy images showing the EGFP 
channel (left), DAPI channel (centre) and merged image (right). (B) Graph representing the 
mean colocalization coefficient values ± SD for both DAPI and EGFP-NLL3 and DAPI and NLL3-
EGFP.  
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The Arabidopsis ABC transporter AtNAP:2 localizes to the cytoplasm (Marin et al., 2006) and was 
used as marker for the cytoplasm. The cDNA sequence was used to create an RFP fusion protein, 
and subsequent colocalization studies were performed with the Nictaba-like proteins coupled 
with EGFP. Co-expression of both constructs (1:1) confirmed the localization of GmNLL1-3 in the 
cytoplasm (Figure 4.7) and was also in agreement with colocalization coefficients (mean ± SE; 
Pearson coefficient r: 0.86 ± 0.01, Manders M1: 0.78 ± 0.03, Manders M2: 0.80 ±0.02 ).  
Figure 4.7: Colocalization analysis of transiently expressed RFP-AtNAP:2 with the EGFP-
GmNLL fusion proteins in N. benthamiana leaves. EGFP channel (left), RFP channel (centre) 
and merged image (right) are shown, scale bar indicates 20 µm. 
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4.3.3 Expression of NLL genes during soybean development 
A quantitative RT-qPCR approach was used to investigate the expression level of the NLL genes 
in different tissues from soybean. Soybean plants were grown under normal growth conditions 
in a plant growth chamber and different tissue samples were taken from day four until maturity 
of the pods. Samples of flowers were included in the analysis, but these samples yielded RNA 
concentrations that were too low for downstream RT-qPCR analysis. The normalized transcript 
levels of all GmNLLs are represented relative to the expression of 4-day-old roots (Figure 4.8).  
Figure 4.8: Normalized relative expression profile of the three GmNLL genes during the 
development of the soybean plant. The normalized transcript levels of all genes are 
represented relative to the expression of 4-day-old roots. Mean expression values are shown in 
brackets. Bars represent the mean ± SE and statistically significant differences to the expression 
level of 4-day old roots (assessed with the pair wise fixed reallocation randomization test) are 
indicated with asterisks (* p<0.05, ** p<0.01, *** p<0.001). 
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The expression of the NLL1 gene is the highest in the cotyledons, unifoliate and trifoliate leaves, 
but is significantly lower in belowground and reproductive tissues. For the NLL2 gene, the 
expression profile resembles that of NLL1 with high expression in the leaves and significantly 
lower expression in roots. Yet, the NLL2 transcript levels in green pods and immature seeds are 
higher compared to the transcript level of roots at day 4. The NLL3 gene shows a unique 
expression profile with low transcript levels in samples of very young plants (leaves and roots at 
day 4) and even lower expression in mature seeds and roots at day 19. The expression is the 
highest in leaf and root tissues at day 11, and the NLL3 gene shows lower expression in green 
pods, immature seeds and trifoliate leaves. Based on the raw Cq value of the different genes in 
the different samples, the NLL1 gene expression level corresponds well to the expression level of 
the three reference genes while NLL2 and NLL3 transcript levels are less abundant than the 
NLL1 gene and the reference genes (Table S5). 
The RT-qPCR analysis for the NLL1, NLL2 and NLL3 genes was complemented with a 
comparative analysis to the SVL and SBA genes, two previously identified legume lectin genes 
from soybean, belonging to the legume lectin family. Though, the expression level of these two 
genes has not been studied during development of soybean plants. The results of the analysis are 
shown in Figure 4.9. Similar to Figure 4.8, the normalized expression of SVL and SBA is 
represented relative to the expression of these genes in 4-day-old roots. 
The SVL expression is the highest in leaves but lower transcript levels were also detected in 
green pods, immature seeds and roots of 19-day-old plants. In contrast very high transcript 
levels for the SBA gene were observed in pods and seeds. The expression is higher in green pods 
and immature seeds, compared to mature seeds. Considerably lower transcript levels of the SBA 
gene were detected in young cotyledons as well in 19-day-old roots. 
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Figure 4.9: Normalized relative expression profile of SVL and SBA during soybean 
development. The normalized transcript levels of all genes are represented relative to the 
expression of 4-day-old roots. Mean expression values are shown in brackets. Bars represent the 
mean ± SE and statistically significant differences to the expression level of 4-day old roots 
(assessed with the pair wise fixed reallocation randomization test) are indicated with asterisks 
(* p<0.05, ** p<0.01, *** p<0.001). 
4.4 Discussion 
The localization and physiological function of proteins are tightly connected. Therefore, it is 
crucial to explore the localization of proteins to better understand the roles that they are playing 
in biological processes. Moreover, the subcellular localization determines the access to 
interacting partners and networks. To gain insight in the possible physiological function of 
Nictaba-like lectins from soybean, the localization at cell level was determined using confocal 
microscopy of EGFP-tagged fusion proteins. Using a combination of different transformation 
systems including both stable expression of fusion proteins in BY-2 suspension cells and 
transient expression of N. benthamiana leaves, fluorescence related to the expression of EGFP 
labelled NLLs was observed in the nucleus and cytoplasm of the cell. Since the NLL amino acid 
sequences lack a signal peptide, they are expected to be synthesized on free ribosomes in the 
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cytoplasm, after which they are partly translocated to the nucleus, similar to the localization 
pattern of Nictaba from tobacco (Chen et al., 2002).  
Co-expression with a cytosolic RFP labelled Arabidopsis protein confirmed the localization of the 
NLLs in the cytoplasm and DAPI staining confirmed their nuclear localization. Colocalization 
correlation coefficients were calculated and confirmed the nucleocytoplasmic localization 
pattern of the GmNLLs. Manders’ coefficients of the colocalization analysis of RFP-AtNAP:2 with 
the EGFP-NLLs however, were lower compared to the colocalization assay with DAPI. This can 
be explained by differences in transformation efficiency of both constructs. Generally, 
infiltration of EGFP fusion constructs yielded more transformed cells compared to the RFP 
fusion. The correlation coefficients are being calculated on the complete picture, which means 
that coefficient values drop in case surrounding cells don’t show fluorescence in both the EGFP 
and RFP channel (Figure 4.7). For the DAPI colocalization analysis, nuclei were cut from the 
original picture, resulting in less background that could interfere in the determination of the 
correlation coefficients.  
Unexpectedly, the localization pattern of NLL3 yielded different results for N- or C-terminally 
tagged EGFP. The difference between the N-and C-terminal EGFP fusion of NLL3 was observed in 
all experiments and confirmed by colocalization experiments with DAPI, hence suggesting that 
this localization pattern is not likely to be an artefact. Possibly, the distinct localization from 
both fusion proteins can be attributed to steric hindrance between the NLL3 and the EGFP part 
of the fusion protein. In the C-terminally tagged protein, both protein domains could be in too 
close proximity, thereby blocking the signal for nuclear import. Although lateral diffusion 
through nuclear pores is allowed for small proteins, all NLL fusion proteins are larger than 45 
kDa. Thus they are excluded to participate in the nucleoporin-mediated passive transport to the 
nucleus. The most well-known alternative is the active transport system which requires a 
classical NLS. The localization of the tobacco lectin in the nucleus was initially explained by the 
presence of a classical NLS, required for traditional active nuclear import (Chen et al., 2002). The 
functionality of the NLS was later confirmed by Lannoo et al. (2006) since mutation of the NLS 
resulted in a localization pattern restricted to the cytoplasm. Recently, these results were 
questioned since new localization experiments with a mutated NLS did not affect the 
nucleocytoplasmic localization of the fusion protein in stably transformed tobacco suspension 
cultures and stably and transiently transformed N. benthamiana leaves, indicating that the 
presumed NLS is not required for translocation of Nictaba from the cytoplasm into the nucleus 
(Delporte, 2013). In the GmNLL amino acid sequences, the presumed NLS sequence of Nictaba 
was not conserved (Figure 4.2) and no other classical NLS consisting of basic amino acids could 
be identified. It was shown that 43 % of nuclear proteins in Saccharomyces use alternative 
mechanisms to enter the nucleus (Lange et al., 2007) indicating that the classical NLS may be the 
best characterized system, but not necessarily the most employed one.  
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Interestingly, the tobacco lectin showed a specific nuclear localization pattern with confined 
fluorescence at the nuclear rim in all experiments (Lannoo et al., 2006; Delporte, 2013). Yet, this 
was not observed in any of GmNLL-EGFP or EGFP-GmNLL constructs that demonstrated a 
uniform fluorescence intensity distribution throughout the nucleus (Figure 4.4).  
Although the NLLs were shown to have a nucleocytoplasmic localization, this does not exclude 
the possibility that the localization may change e.g. when the plant is subjected to stress 
situations. It was shown that nucleocytoplasmic trafficking in plants is a highly dynamic process 
that can be triggered by e.g. pathogen infection, possibly regulating upstream signalling cascades 
(García et al., 2010; Slootweg et al., 2010).  
The use of qPCR for quantification of RNA levels is complementary to the localization assay and 
enables exploration of co-expressed and possibly co-regulated genes. The expression level of the 
NLLs in soybean at tissue level was analysed by RT-qPCR and the data revealed that the genes 
are expressed throughout the development of the plant in several tissues. All NLL genes show a 
unique temporal and spatial expression pattern under normal environmental conditions. 
Although there is high sequence similarity between the three Nictaba-like lectin sequences, their 
unique expression profile suggests that a basal expression of the NLL genes in soybean is 
necessary for normal development of the soybean plant. These results are in contrast with the 
Nictaba gene from tobacco, which is not expressed under normal environmental conditions, 
suggesting that this protein has no role in normal growth or development of the tobacco plant 
(Chen et al., 2002). It was shown that only jasmonate treatment, insect herbivory and cold stress 
could trigger the expression of the Nictaba gene in tobacco (Chen et al., 2002; Vandenborre et al., 
2009a, 2010; Delporte et al., 2011). 
RT-qPCR analysis of the SVL and SBA gene demonstrated high expression levels of the SVL gene 
in vegetative tissues, and high transcript levels of the SBA gene in green pods, immature and 
mature seeds. The results are in agreement with the study of Saeed et al., (2008) in which the 
GUS reporter system was utilized to characterize the temporal and spatial expression of the SVL 
promoter in Arabidopsis. The SVL promoter showed activity in all tissues (predominantly in 
vegetative tissues) including the roots, but lacked activity in the seeds. The SBA promoter 
activity was included for comparison, and showed clear seed specific activity (Saeed et al., 2008). 
The results from our qPCR analysis are in accordance with the RNA-seq data from Severin et al. 
(2010). Gene expression analysis of fourteen different tissues was performed and a comparative 
analysis for tissue-specific expression of the NLL genes, the SBA gene, the SVL gene and the 
reference genes is represented in Table 4.1. 
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Table 4.1: RPKM normalized tissue specific expression of NLL1, NLL2, NLL3, SBA, SVL and 
reference genes downloaded from Soyseq (http://soybase.org/soyseq/) RPKM: 
reads/kilobase/million; DAF: days after flowering (Severin et al., 2010) 
Gene 
young 
leaf 
root 
one cm 
pod 
pod shell 
14 DAF 
seed 
14 DAF 
seed 
28 DAF 
seed 
35 DAF 
seed 
42 DAF 
NLL1 14 51 19 51 2 2 3 2 
NLL2 5 15 8 6 3 2 1 2 
NLL3 5 5 9 7 1 0 0 0 
SBA 0 0 0 0 7 2235 6638 7071 
SVL 3003 1 747 2323 2 5 8 2 
UKN1 13 15 16 25 16 6 9 5 
SKIP16 23 49 25 27 24 7 13 9 
Act11 34 37 35 23 20 13 26 13 
The expression profiles of the SBA and SVL gene from the RNA-seq data are highly similar to the 
results from our RT-qPCR analysis. Notable are the differences in the transcript levels of the root 
samples for the NLL1 and NLL2 gene, and the high expression of NLL1 in the pod shell in the 
analysis of Severin et al. This discrepancy could be explained by differences between the 
developmental stages of the plant in both studies. Young leaf and root tissues in the study of 
Severin et al., (2010) were taken when the plant had developed flowers while the root and leaf 
samples in our RT-qPCR analysis were taken from younger plants (19 days old) that had not yet 
developed flowers.  
In another study by Chragh et al., (2015), the transcript levels of the SVL gene were investigated 
in two-week-old plants by RT-qPCR. The following tissues were analysed: shoot tip, epicotyl, 
unifoliate leaf, unifoliate node, the cotyledonary node and the hytocotyl. Transcript levels were 
found to be significantly higher in unifoliate leaves compared to the other tissues analysed 
(Chragh et al., 2015). These observations are in line with our qPCR data of 11-day-old unifoliate 
leaf and root samples. 
The results obtained for the three homologous Nictaba-like lectins from soybean provided 
valuable information regarding the differential developmental and tissue-specific expression of 
these genes in soybean. Further investigation of stress inducibility of the NLL genes and 
characterization of overexpression lines will help to elucidate the physiological roles of the 
Nictaba-like family in soybean. 


5 
Responsiveness of 
soybean Nictaba-like lectins 
towards biotic and abiotic stress 
Part of the manuscript in preparation: 
Van Holle S, Smagghe G & Van Damme EJM Overexpression of Nictaba-like lectin genes from 
Glycine max confers tolerance towards Pseudomonas syringae infection, aphid infestation and 
salt stress in transgenic Arabidopsis plants.  
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Abstract 
Plants have evolved a sophisticated immune system that allows them to recognize invading 
pathogens by specialized receptors. Carbohydrate-binding proteins or lectins are part of this 
immune system and especially the lectins that reside in the nucleocytoplasmic compartment are 
known to be implicated in biotic and abiotic stress responses. The class of Nictaba-like lectins 
groups all proteins with homology to the tobacco lectin, known as a stress-inducible lectin. Here 
we focus on three Nictaba homologs from soybean (Glycine max), referred to as GmNLL1, 
GmNLL2 and GmNLL3. The expression level of the NLLs in soybean was analysed upon stress 
application and revealed that salt treatment, Phythophthora sojae infection or Aphis glycines 
infestation trigger the expression of the NLL genes. Stress assays with Arabidopsis lines 
overexpressing the NLLs from soybean yielded an enhanced tolerance of the plant towards 
bacterial infection (Pseudomonas syringae), insect infestation (Myzus persicae) and salinity. Our 
data show a better performance of the transgenic lines compared to wild type plants, indicating 
that the NLLs from soybean can be considered as stress inducible proteins that help the plant to 
cope with adverse environmental stresses.  
5.1 Introduction 
To successfully survive in their natural habitat, plants are capable of experiencing stress when 
they are confronted with adverse environmental conditions including drought, insect infestation 
or pathogen infection. Because plants cannot flee from these unfavourable conditions, they have 
developed a sophisticated protection system which enables them to recognize disadvantageous 
situations, alter hormone crosstalk and successfully cope with these adverse growth conditions 
(Jones and Dangl, 2006). The plant’s innate immune system can recognize invading pathogens 
by a range of specialized cell-surface and intracellular receptors. It was shown that lectins are 
part of the plant’s immune system since they can act as immune receptors and/or defence 
proteins (Peumans and Van Damme, 1995; Lannoo and Van Damme, 2014). Plant lectins are 
carbohydrate-binding proteins that are widespread within the plant kingdom and they exhibit 
specificities towards endogenous as well as exogenous glycan structures (Van Damme et al., 
2008). During the last decade, compelling evidence has been offered demonstrating that next to 
the classical lectins, there is another group of inducible cytoplasmic/nuclear lectins. The latter 
group of lectins is not easily detectable in plants under normal environmental conditions, but 
their expression level is increased after application of certain stressors (Van Damme et al., 2004; 
Lannoo and Van Damme, 2010). At present, at least six CRDs have been identified within the 
group of nucleocytoplasmic lectins (Lannoo and Van Damme, 2010). Several of these 
nucleocytoplasmic lectins have been studied in detail and demonstrated to play roles in plant 
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stress responses (Al Atalah et al., 2014; Van Hove et al., 2015; Stefanowicz et al, unpublished). 
One of these domains was first discovered in the Nicotiana tabacum (tobacco) agglutinin, 
abbreviated as Nictaba (Chen et al., 2002). In the recent years, Nictaba was also shown to be 
implicated in the plant stress response (Chen et al., 2002; Lannoo et al., 2007; Vandenborre et 
al., 2009a, 2010; Delporte et al., 2011). This GlcNAc-binding lectin is believed to trigger gene 
expression in response to stress by interaction with the core histones H2A, H2B and H4 through 
their O-GlcNAc modification (Schouppe et al., 2011; Delporte et al., 2014). An extensive survey of 
genome databases revealed that NLL are widespread in plants (Chapter 3; Delporte et al., 2015). 
Thus far, functional characterization has been focused to the tobacco lectin and one F-box 
Nictaba homolog from Arabidopsis (Delporte et al., 2015; Stefanowicz et al, unpublished). In 
order to refine our understanding of this specific group of nucleocytoplasmic lectins, we focus 
here on some Nictaba-like lectins from soybean. Soybean presents an exciting opportunity to 
investigate the stress inducibility of these proteins in an important crop species. Several 
GmNictaba-related genes have recently been identified, and demonstrated a nucleocytoplasmic 
localization and a distinct expression over different soybean tissues (Chapter 4). However, the 
stress response of these genes is unknown or experimental evidence for a role in plant defence is 
lacking. In this study, we tried to elucidate the biological function of NLL1, NLL2 and NLL3 from 
soybean. Wild type soybean plants were subjected to a variety of stresses (including hormone 
treatment, abiotic stress application, pathogen infection and insect infestation) to investigate 
whether the expression of these Nictaba-like genes is changed upon stress treatment. In 
addition, Arabidopsis overexpression lines were generated and analysed for phenotypic changes 
under normal growth conditions and upon abiotic stress. In another set of experiments, the 
tolerance of the overexpression lines towards pathogen infection and aphid infestation was 
examined and compared to wild type plants. These data allowed us to further investigate if 
overexpression of the GmNictaba-related genes leads to an enhanced tolerance of the plant 
towards stress. 
5.2 Materials and methods 
5.2.1 Chemical reagents 
ABA was purchased from Acros Organics (Geel, Belgium), methyl jasmonate (MeJA) was 
obtained from Sigma-Aldrich (Diegem, Belgium) and SA and salt (NaCl) were purchased from 
Duchefa Biochemie (Haarlem, The Netherlands). ABA and SA were dissolved in 100 % (w/v) 
ethanol, MeJA was diluted in 100 % (v/v) ethanol and NaCl was dissolved in water. 
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5.2.2 Plant materials and growth conditions 
Wild type seeds of Arabidopsis thaliana ecotype Colombia (Col-0) were purchased from Lehle 
Seeds (Texas, USA). For in vitro cultures, seeds were surface sterilized by submergence in 70 % 
ethanol for 2 min, followed by 10 min in 5 % NaOCl. Finally, the seeds were rinsed four to five 
times with sterilized water. In vitro cultures were maintained in a plant growth room at 21 °C 
and a 16/8 hr light/dark photoperiod. For Pseudomonas syringae and Phytophthora brassicae 
infection analyses, Arabidopsis plants were sown into Jiffy-7® (artificial soil) and grown in a 
Conviron (Berlin, Germany) plant growth cabinet under 12/12 hr light/dark conditions at 21 °C 
after stratification. Plants for the insect assay were sown in round plastic pots (diameter: 11 cm) 
containing soil, on which a transparent ventilated cage (Novolab) was placed. Seeds were 
stratified at 4 °C for three days after which they were moved to a plant growth cabinet (21 °C, 12 
hr photoperiod, 75 % relative humidity) for further growth.  
Glycine max cv Williams seeds were obtained from the USDA Soybean Germplasm Collection in 
Urbana (IL, USA) and Glycine max cv Opaline seeds were obtained from the Institute for 
Argricultural and Fisheries Research (Merelbeke, Belgium). Seeds were grown in pots containing 
a mixture (50/50) of commercial soil and expanded clay granules (Agrex) in a growth chamber 
at 26 °C with a 16/8 hr light/dark photoperiod. For the biotic stress experiments, Glycine max cv 
Opaline were used and the Glycine max cv Williams plants were used for the other stress 
treatments. 
5.2.3 Pathogens 
Phytophthora sojae was obtained from the CBS-KNAW Fungal Biodiversity Centre (Utrecht, The 
Netherlands) and was routinely cultured on 10 % clarified and buffered V8-juice agar plates at 
21 °C in the dark. Phytophthora brassicae was grown under the same conditions and was kindly 
provided by Prof. Monica Höfte (Dept. of Crop Protection, Ghent University). Pseudomonas 
syringae pv. tomato strain DC3000 was also provided by Prof. Monica Höfte and grown on King’s 
B agar medium supplemented with 50 µg/ml rifampicin. 
5.2.4 Hormone treatment and abiotic stress application of wild type 
soybean plants 
For hormone and salt stress treatments, 14-day-old soybean plants (V1 growth stage) were 
carefully removed from the soil and transferred to liquid Murashige and Skoog (MS) medium 
containing different hormones (100 µM ABA, 50 µM MeJA or 300 mM SA) or 150 mM NaCl. For 
control treatments, equal volumes of the dissolvent of the hormone or salt solution (ethanol or 
water) were added to the medium. Treated root and shoot tissues were sampled at the following 
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time points: 3, 6, 10, 24 and/or 32 h. Likewise, the corresponding mock controls were sampled 
at each time point. Plant material of four individual plants was pooled for each sample and 
immediately frozen in liquid nitrogen and stored at – 80 °C until use. In total, three biological 
replicates were performed. 
5.2.5 Infection assays of wild type soybean plants 
Infection assays with Phytophthora sojae on wild type soybean plants were performed by 
inoculating fresh mycelial plugs (0.5 cm diameter) on the abaxial side of detached leaves of 10-
day-old soybean plants (Glycine max cv Opaline). Mock infections included inoculation with 
blank V8-agar plugs. The petioles of the detached leaves were wrapped in cotton wool and the 
inoculated plants were placed in a tray containing three layers of wetted absorbent paper and 
closed with plastic wrap foil to maintain a relative humidity or 100 %. Treatments and controls 
were incubated in a growth room at 26 °C with a 16/8 hr light/dark photoperiod. Samples were 
collected 1, 3 and 5 days post infection (dpi) and leaves of 3 individual plants per treatment 
were pooled at each time point. Three individual biological replicates were performed. 
5.2.6 Insect maintenance and non-choice experiment with wild type 
soybean 
Aphis glycines (soybean aphid) was kindly provided by dr. Annie-Eve Gagnon (CÉROM, Quebec, 
Canada) and reared on soybean plants under standard conditions in a growth incubator (MLR-
352 incubator, Sanyo/Panasonic, Osaka, Japan) at 25 °C, 60 % relative humidity and a 16 hr 
photoperiod. In the non-choice experiment, the first trifoliate leaves of 14-day-old soybean 
plants were placed in a cage (Novolab) with 60 apterous adult aphids. Control samples included 
the cage without aphids. Three leaves from individual plants of treated and control plants were 
harvested and pooled after the designated time points (3, 5 and 7 days) and snap frozen in liquid 
nitrogen. Three individual biological replicates were performed. 
5.2.7 RNA extraction, cDNA synthesis and RT-PCR analysis 
All collected leaf and root samples were ground in liquid nitrogen. Total RNA isolation, cDNA 
synthesis and RT-PCR analysis were carried out as previously described (Chapter 4 – 4.2.7). 
5.2.8 Gene expression analysis 
RT-qPCR was performed using the CFX Connect™ Real-Time PCR Detection system (Bio-Rad) as 
described in Chapter 4 – 4.2.7. An overview of the reference genes for each experiment can be 
found in supplementary Table S6. Depending on the type of stress treatment, different reference 
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genes were used that were proven to be the most stable under these conditions. All primers 
used in the qPCR analyses are listed in Table S4. 
5.2.9 Plasmid construction and bacterial transformation 
The entry clones enclosing the coding sequences of GmNLL1 (Glyma.06G221100), GmNLL2 
(Glyma.20G020900) and GmNLL3 (Glyma.20G021000) (Chapter 4 – 4.2.2) were used for the 
generation of expression vectors. Using Gateway LR Clonase II, the coding sequences were 
introduced into the binary vector pK7WG2,0 under control of the 35S promoter (Karimi et al., 
2002). Subsequent freeze-thaw transformation (see section 4.2.4) of the plasmids in 
Agrobacterium tumefaciens C58C1 (pGV4000) and selection on LB agar plates (50 µg/ml 
spectinomycin) was followed by a colony screening by PCR. 
5.2.10 Generation of Arabidopsis transgenic lines 
Arabidopsis 35S::GmNLL1 and 35S::GmNLL2 overexpression lines were generated using the 
floral dip method (Clough and Bent, 1998). Transformed seeds were selected using the adapted 
protocol proposed by Harrison et al., (2006). Integration of the T-DNA was detected by RT-PCR 
on cDNA with gene specific primers (Table S4) using the following PCR program: 5 min at 95 °C, 
40 cycles of 45 s at 95 °C, 45 s at 60 °C, and 30 s at 72 °C and a final 5 min at 72 °C. Relative 
expression levels of the GmNLL genes were analysed in 4-week-old plants by RT-qPCR. At least 
three independent homozygous single insertion lines of 35S::GmNLL1 and 35S::GmNLL2 were 
selected and used in all experiments, together with the corresponding wild type plant Col-0. 
5.2.11 Germination assays 
For the seed germination assay, seeds of wild type plants and four independent homozygous 
transgenic lines for each construct (35S::GmNLL1 and 35S::GmNLL2) were grown on ½ MS 
medium (Duchefa Biochemie, Haarlem, The Netherlands) containing 50 or 150 mM NaCl (50 
seeds/line/treatment). After the stratification for three days at 4 °C in the dark, the plates were 
placed in a plant growth room at 21 °C and a 16/8 hr light/dark cycle. Germination was assigned 
as the emergence of the radicle through the seed coat. Germination on ½ MS medium without 
additional NaCl was performed as a control. Two biological replicates were performed with 50 
plants/line for each treatment. 
To determine post-germination growth, plants were sown on ½ MS medium and after the 
stratification (three days at 4 °C in the dark), the plants were grown at 21 °C in a plant growth 
room with a 16/8 hr light/dark cycle. Seven-day-old plantlets were transferred to half-strength 
MS medium with 50 or 150 mM NaCl and after one week, the percentage of discoloured leaves 
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was determined. Chlorophyll was extracted by adding 10 ml N,N-dimethylformamide to the leaf 
material and after a two hour incubation, the absorbance of the supernatant was measured at 
645 and 663 nm. Chlorophyll a and b were determined as described by Porra, (2002): [Chl a] = 
12 A663 – 3.11 A645, [Chl b] = 20.78 A663 – 4.88 A645 and [Chl a + b] = 17.67 A663 + 7.12 A645. Two 
biological replicates were performed with 50 plants/line/treatment each. 
5.2.12 Root growth analysis 
The root growth assay was performed as follows: 30 seeds of wild type plants and the different 
overexpression lines were germinated on vertical half-strength MS medium supplemented with 
0, 50 or 150 mM NaCl. Plates were kept in the dark for three days at 4 °C to break seed dormancy 
and were then transferred to a plant growth room at 21 °C and long day (16/8 hr light/dark) 
growth conditions. Primary root length of two-week-old plantlets was determined with Root 
Detection 0.1.2 (http://www.labutils.de/rd.html). The experiment was repeated twice.  
5.2.13 Non-choice aphid experiment Arabidopsis 
A permanent colony of the green peach aphid (Myzus persicae) was maintained on sweet pepper 
plants under lab conditions (Shahidi-Noghabi et al., 2009). In the non-choice infection assay, five 
adult aphids were collected from rearing plants and placed on 4-week-old Arabidopsis leaves 
with a brush. After four days, all adult aphids were removed from the plants and the plants were 
returned to the plant growth incubator. On day 8, the plants were harvested and the number of 
nymphs and aphids residing on each plant was counted. This experiment was repeated twice 
with six individual plants of every line in each of the experiments. 
5.2.14 Phytophtora infection assay of Arabidopsis 
In the zoospore inoculation assay, adult rosette leaves from 4-week-old Arabidopsis plants were 
drop inoculated with 20 µl Phytophthora brassicae zoospore solution (105 spores/ml) or mock 
inoculated with water. The zoospore solution was initiated as described by Bouwmeester and 
Govers (2009). Upon inoculation, the plants were kept in the growth cabinet under 100 % 
relative humidity. Samples were taken at 1, 3, 5 and 10 dpi.  
Plant inoculation with pathogen mycelia was performed by placing fresh mycelium agar plugs 
(0.5 cm diameter) onto half-strength MS agar plates without sugar. Two-week-old in vitro grown 
Arabidopsis plants were placed next to the pathogen and susceptibility was evaluated 14 days 
post inoculation. Mock inoculations were performed with clean V8-agar plugs. 
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5.2.15 Pseudomonas syringae infection assay of Arabidopsis 
Pseudomonas infection assays with transgenic Arabidopsis plants were performed as describe 
previously with some modifications (Pieterse et al., 1996; Katagiri et al., 2002). 4-week-old 
Arabidopsis plants were spray-inoculated with the Pseudomonas suspension (1.6 × 107 CFU/ml 
in 10 mM MgSO4 and 0.05 % Silwet-L77) or mock inoculated with 10 mM MgSO4 and 0.05 % 
Silwet-L77. During the first 72 hr after inoculation, plants were kept in 100 % relative humidity 
in a Conviron plant growth cabinet (Berlin, Germany). Leaves were sampled of three individual 
plants at 1, 2, 3, 4 and 5 dpi. Two biological replicates were performed. To estimate the lesion 
area, leaves were scanned with a flatbed scanner at the highest resolution. Lesion areas of 
individual leaves were determined in the Image Analysis Software for Plant Disease 
Quantification Assess 2.0 (APS, St. Paul, USA) using a self-written macro. 
5.2.16 Quantification of P. syringae biomass in infected Arabidopsis 
leaves 
Arabidopsis leaves inoculated with P. syringae collected at 3 and 4 dpi were used for genomic 
DNA extraction. DNA from approximately 100 mg of plant material was extracted using a CTAB 
buffer (2 % CTAB, 0.1 M Tris/HCl pH 7.5; 1.4 M NaCl; 2 mM EDTA), followed by a 
chloroform:isoamyl alcohol (24:1) extraction. DNA was precipitated with 100 % isopropanol 
and washed with 76 % EtOH/0.2 M NaOCl and 76 % EtOH/10 mM NH4OAc. The oprF primers 
were used to target the outer membrane porin protein F gene of P. syringae (Brouwer et al., 
2003) and Act2 and PEX4 primers were used as endogenous controls for Arabidopsis (Table S4). 
The ratio of P. syringae genomic DNA to Arabidopsis DNA was calculated using REST-384 
software (Pfaffl et al., 2002). Two biological replicates with two technical replicates were 
analysed.  
5.2.17 Trypan blue and aniline blue staining and microscopy 
Trypan blue (Sigma-Aldrich, Diegem, Belgium) staining was performed on infected and mock-
infected leaves to visualize plant cell death. Callose deposition was visualized by staining with 
aniline blue (Sigma-Aldrich, Diegem, Belgium). For the trypan blue staining, leaves were covered 
with the trypan blue solution (0.02 %) and boiled for two minutes in a heated water bath. After 
an overnight incubation at room temperature, the leaves were destained by replacing the trypan 
blue staining with chloral hydrate solution (100 g /40 ml water). Samples were mounted on 
microscopy slides in 50 % glycerol and viewed under a Leica S8APO microscope with a DFC400 
camera and Leica Plan APO 1.6× objective. To determine the presence of cell wall deposition, 
leaves were destained overnight in 96 % ethanol and washed with sodium phosphate buffer 
(0.07 M, pH 9.0). Next, the leaves were covered with the aniline blue solution (1 % in the sodium 
phosphate buffer) for 1 h. After removal of the aniline blue solution, leaves were mounted on 
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microscopy slides in 50 % glycerol. Microscopy analysis was performed on a Nikon Eclipse Ti 
widefield fluorescence microscope (Nikon Instruments, Brussels, Belgium) with the DAPI filter 
using following objectives: Plan Fluor 4× PhL DL (NA 0.13) and Plan Fluor 10× Ph1 DLL (NA 
0.30). Every biological experiment included three leaves from three independent plants for 
every time point and treatment. 
5.2.18 Promoter analysis and expression database searches 
Promoter sequences (1500 bp) of GmNLL1, GmNLL2 and GmNLL3 were downloaded from 
Phytozome (https://phytozome.jgi.doe.gov) and cis-acting regulatory elements were predicted 
using PlantCARE (Lescot et al., 2002). Blast searches against the EST database from GenBank 
(Johnson et al., 2008) were performed using the GmNLL sequences to find potential indications 
with regard to stress-related expression of the GmNLL genes in stressed tissues compared to 
control treatments. 
5.2.19 Statistical analysis 
Statistical analysis was conducted using SPSS Statistics 22 (IBM) and the data were considered 
statistically significant for p<0.05. The assumption of normality was tested with the Shapiro-
Wilkinson test and the equality of variances of normally distributed data was assessed using the 
Levene’s test. ANOVA was used to determine statistically significant differences between groups 
with normally distributed data. For not-normally distributed samples, the Man-Whitney U test 
was performed, supplemented with the non-parametric Levene's equivalent to test homogeneity 
of variance. Comparisons among different groups were made by ANOVA and Tukey was used as 
post hoc test with Bonferroni-Holm correction for multiple testing. This correction was also 
applied for Mann-Whitney tests between different groups. Data with a binomial distribution 
were subjected to Pearson’s chi-square test.All results are shown as the mean ± SE (* p<0.05, ** 
p<0.01, *** p<0.001). 
5.3 Results 
5.3.1 Soybean Nictaba-like genes are stress inducible 
Three Nictaba-like genes from soybean (GmNLL1, GmNLL2 and GmNLL3) were selected to 
investigate their expression patterns after different stress treatments. Tested stresses included 
hormone treatment (SA, ABA, MeJA), salt treatment, aphid infestation and Phytophthora 
infection. The RT-qPCR data reveal that salt treatment, Phytophthora sojae infection and Aphis 
glycines infestation trigger the expression of particular NLL genes (Figure 5.1).  
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Figure 5.1: Expression patterns of GmNLL1, GmNLL2 and GmNLL3 under different stress 
conditions, determined by RT-qPCR. Expression patterns under salt stress on leaf (A) and root 
(B) material; (C) transcript levels upon Phytophthora sojae infection of leaves and (D) Aphis 
glycines infestation of the leaves. The normalized expression levels, relative to the control 
treatment (dotted line) at the indicated times are shown. The mean values of RT-qPCR from 
three independent biological replicates were normalized to three reference genes and error bars 
indicate standard errors. Asterisks (* p<0.05, ** p<0.01, *** p<0.001) indicate statistically 
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significant differences compared to the control treatment (assessed with the pair wise fixed 
reallocation randomization test). 
Interestingly, the expression of the three GmNLLs displayed dissimilar patterns under each of 
the different stress treatments. Salt stress conditions triggered the transcription of the NLL1 
gene in leaves and roots (Figure 5.1A & B). Transcript levels in both leaves and roots reached a 
peak 10 hours after the start of the treatment and the gene expression level in roots was slightly 
higher compared to leaf tissue. The response in the leaves is delayed since there is already a 
significant difference after 6 hr while this is not yet the case in leaves. The NLL3 gene was 
downregulated in root samples under salt stress for all tested time points. Gene expression 
levels of NLL2 in leaves nor roots were influenced by salt treatment. Infection with Phytophthora 
sojae (Figure 5.1C) triggered GmNLL1 and GmNLL2 gene expression while transcript levels of 
GmNLL3 remained stable. The upregulation of GmNLL1 and GmNLL2 was the highest at 3 dpi, 
being approximately 11 and 3-fold higher than the control for NLL1 and NLL2, respectively. After 
aphid infestation, the expression of NLL1 and NLL2 showed upregulation after 5 and/or 7 dpi. 
Compared to the expression level of NLL1, NLL2 was triggered to a lower extent (Figure 5.1D). 
Application of the hormones ABA and MeJA did not greatly influence the transcript levels for 
GmNLL1, GmNLL2 or GmNLL3. During SA treatment, the relative expression levels of GmNLL1 
GmNLL2 and GmNLL3 in root tissues were decreased significantly, suggesting that these gene 
products are not required in the plant’s response upon SA treatment. In leaf tissues, overall 
transcript levels of GmNLL1, GmNLL2 and GmNLL3 were not impacted by treatment with SA 
(Figure S1, S2 and S3).  
Our data show a differential expression pattern for the three NLL genes in both shoot and/or 
root tissues upon application of biotic or abiotic stresses. This observation indicates that these 
three genes might play distinct roles in the plant. In this study, the GmNLL1 and GmNLL2 genes 
were selected for further functional analyses. 
5.3.2 Promoter analysis of GmNLL1 and GmNLL2 reveals the 
presence of putative stress responsive elements 
In silico promoter analysis of the 1500 bp predicted promoter region of GmNLL1 and GmNLL2 
was conducted using PlantCare (Lescot et al., 2002). Several cis-acting regulatory elements were 
identified in variable numbers and were considered to be stress-related. In total, 16 and 10 
stress-responsive elements were identified in the promoter sequences of GmNLL1 and GmNLL2, 
respectively. Examples are MeJA responsive motifs in both promoters (two for GmNLL1, six for 
GmNLL2) and two MBSs (MYB binding sites involved in drought stress) in the promoter region 
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of GmNLL1. Other motifs include two TC-rich repeats (GmNLL1) that were shown to be 
implicated in defence and stress response and two GARE-motifs (one in each promoter region) 
that are related to GA responsiveness. Figure 5.2 represents the NLL1 and NLL2 promoter 
regions, with their associated stress-related cis-elements and TATA and CAAT-boxes, belonging 
to the core promoter. The presence of these stress-related cis-elements suggests that GmNLLs 
may play roles in the plant response towards different stresses. Using the NCBI EST database, 
several stress-related ESTs were identified for GmNLL1. ESTs related to abiotic and biotic stress 
include Phytophthora sojae and Phakopsora pachyrhizi infections, SA application, drought stress 
(Tian et al., 2004; Torto-Alalibo et al., 2007). In contrast, no stress-related ESTs were identified 
for NLL2. A survey of the most recent transcriptomic and microarray datasets studying stress 
responses in soybean did not yield any additional information (Le et al., 2012b; Rodrigues et al., 
2015; Song et al., 2016).  
Figure 5.2: Schematic visualization of the 1500 bp promoter region of GmNLL1 and 
GmNLL2. All stress-related cis-acting elements are shown, together with the predicted TATA and 
CAAT boxes from soybean, which are essential parts of the core promoter. Light-responsive 
motifs, which were highly abundant, were not included. Motifs present in the sense and 
antisense strand are shown on top or below the grey bar, respectively. 
5.3.3 Generation of Arabidopsis overexpression lines 
To further investigate the biological function of the GmNLLs, transgenic Arabidopsis lines that 
overexpress GmNLL1 or GmNLL2 driven by the CaMV 35S promoter were generated. Several 
independent homozygous lines carrying a single copy of the T-DNA insertion were screened and 
the transcript levels of GmNLL1 and GmNLL2 were determined by RT-qPCR in 4-week-old plants. 
The transcript levels relative to the expression of TIP41 (tonoplast intrinsic protein 41), a 
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reference gene from Arabidopsis, are represented in Figure 5.3. The data indicated that the 
different lines exhibited different expression levels for the Nictaba-like genes. It should be noted 
that the 35S::NLL1 lines show a significantly higher relative expression to TIP41, when 
compared to the 35S::NLL2 lines. The GmNLL1 gene encodes a protein consisting of the Nictaba 
domain preceded by an N-terminal domain with unknown function while the GmNLL2 protein 
sequence contains two Nictaba domains and an unrelated N-terminal domain. It is unclear if the 
domain architecture influences the transcript levels of the GmNLLs. It was impossible to check if 
these differences in transcript levels are reflected on protein level, since no specific antibodies 
are available. 
Figure 5.3: Gene expression analysis of 4-week-old transgenic Arabidopsis plants 
overexpressing GmNLL1 or GmNLL2. Normalized relative expression to reference gene TIP41 
of two biological replicates is represented. (error bars represent standard errors). 
5.3.4 Overexpression of GmNLL1 and GmNLL2 in Arabidopsis confers 
increased tolerance to salt stress 
The salt-induced expression of GmNLL1 led us to hypothesize that GmNLL1 might be involved in 
the salt stress response. In a first experiment the GmNLL1 and GmNLL2 transgenic lines were 
investigated for their salt stress tolerance during germination and seedling stages. Control 
experiments in which the germination percentage of the seeds was examined on half strength 
MS medium containing no salt, demonstrated that except for NLL1_E_5 and NLL2_E_2, all lines 
exhibited the same germination percentage. Seed germination on medium containing 50 mM 
Responsiveness of soybean Nictaba-like lectins towards biotic and abiotic stress 
107 
NaCl revealed no differences between the wild type and transgenic lines after 6 days (data not 
shown). On the contrary, all overexpression lines, except for NLL1_E_5, exhibited a similar or 
significantly higher germination percentage on MS medium containing 150 mM NaCl compared 
to the wild type (Figure 5.4A). Figure 5.4B shows representative images of the germination of 
the wild type and two overexpression lines at day 6. The inhibition of germination for NLL1_E_5 
and NLL2_E_2 in the absence of salt could explain the lower (NLL1_E_5) or similar (NLL2_E_2) 
germination percentage on medium with 150 mM NaCl. 
Figure 5.4: Effect of GmNLL1 and GmNLL2 overexpression on Arabidopsis germination on 
½ MS supplemented with 150 mM NaCl. A: Germination percentage determined on day 6, 
result from two biological replicates with 50 seeds per replicate, germination percentages with 
the corresponding standard errors are shown. Asterisks indicate statistically significant 
differences compared to wild type (* p<0.05, ** p<0.01, *** p<0.001, Pearson’s chi-square test). 
B: Phenotype of 6-day-old wild type (WT) and two GmNLL transgenic lines (NLL1_C_6 and 
NLL2_C_3) subjected to MS medium containing 150 mM salt. 
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In order to explore the effect of salt stress at the seedling, a second experiment was performed 
in which the post-germination growth was investigated. The transgenic lines overexpressing 
GmNLL1 and GmNLL2 were allowed to germinate and grow on ½ MS for one week, and were 
then transferred to ½ MS supplemented with 50 mM or 150 mM salt. Seven days after transfer, 
leaf material was harvested and chlorophyll a and b were determined to estimate leaf 
discolouration (Figure 5.5). Under 50 mM salt conditions, no differences in chlorophyll content 
could be observed between wild type and transgenic plants. However, the total chlorophyll 
content was significantly lower for all stress treated plants compared to those of plants that had 
grown on normal half-strength MS medium (data not shown). When transgenic and wild type 
plants were transferred to medium containing 150 mM salt, the total chlorophyll content 
differed for some of the overexpression lines when compared to the wild type plants (Figure 
5.6). 
Figure 5.5: Phenotypic changes of wild type plants and two transgenic lines (NLL1_C_6, 
NLL2_C_3) seven days after transfer to medium containing 50 or 150 mM salt 
Responsiveness of soybean Nictaba-like lectins towards biotic and abiotic stress 
109 
Figure 5.6: Total chlorophyll content (chlorophyll a + b) of GmNLL1 and GmNLL2 
transgenic lines and wild type plants 7 days after transfer to ½ MS supplemented with 
150 mM NaCl. Data shows the mean ± SE of two biological replicates. Asterisks indicate 
significantly different chlorophyll content of transgenic lines compared to the chlorophyll 
content of wild type plants (* p<0.05, ** p<0.01, *** p<0.001, Man-Whtney U test). 
In a third experiment the effect of GmNLL1 and GmNLL2 expression on primary root length was 
examined. Transgenic lines and wild type plants were vertically grown on ½ MS medium with 
different concentrations of NaCl (0 mM, 50 mM or 150 mM). The primary root length was 
determined after 14 days. No differences could be observed between wild type plants and 
overexpression lines grown on the normal MS medium, nor on MS medium supplemented with 
50 mM salt. However, the primary root length of transgenic lines was significantly longer than 
the roots of wild type plants, when they were grown on MS supplemented with 150 mM salt 
(Figure 5.7).  
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Figure 5.7: Root length of 14 day old GmNLL1 and GmNLL2 transgenic lines and wild type 
plants grown on 1/2 MS supplemented with 150 mM NaCl. Data shows the mean ± SE of two 
biological replicates with at least 30 measurements in each replicate. Asterisks indicate 
significantly different primary root length of transgenic lines compared to wild type plants (* 
p<0.05, ** p<0.01, *** p<0.001, Man-Whitney U test). 
These results indicate that some of the GmNLL1 and GmNLL2 overexpression lines are more 
tolerant to high salt stress (150 mM NaCl) compared to wild type plants, both at the germination 
and the post germination stage.  
5.3.5 Overexpression of GmNLL1 or GmNLL2 does not enhance plant 
resistance to Phytophthora brassicae 
Since GmNLL1 and GmNLL2 gene expression in soybean was significantly upregulated upon 
infection with P. sojae (Figure 5.1), the hypothesis was put forward that GmNLLs play a role in 
plant defence responses. The generated Arabidopsis lines overexpressing GmNLL1 or GmNLL2 
and wild type plants were challenged with Phytophthora brassicae using mycelium plugs or 
zoospore drop inoculation to investigate the effect of GmNLL overexpression on the plant’s 
resistance to pathogen infection. However, no differences in disease progression were observed 
between wild type plants and the GmNLLs overexpression lines. All plants became heavily 
colonized by Phytophthora brassicae as confirmed by staining of callose deposition in infected 
leaves (Figure 5.8). 
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Figure 5.8: GmNLL overexpression in Arabidopsis does not result in enhanced resistance 
to Phytophthora brassicae. Aniline blue staining for callose formation of infected leaves 5 dpi. 
Scale bar represents 250 µm. 
5.3.6 Responsiveness of the Arabidopsis GmNLL overexpression lines 
towards aphids 
To confirm the role of GmNLL in the plant defense against aphids, transgenic lines and wild type 
plants were infected with Myzus persicae. The observations from the two biological experiments 
were reproducible and the first detrimental effect of the overexpression of GmNLL1 and GmNLL2 
was already witnessed on day 5. All adults survived on the wild type plants, while on all 
overexpression lines, except for NLL2_E_2, a percentage of the adults had died (4.1 %) or started 
to develop wings (7.9 %), suggesting that the adults found the environment unfavorable. A clear 
decrease in the total number of aphids on the overexpression lines compared to the wild type 
plants was demonstrated after seven days (Figure 5.9A). Especially fewer adults resided on all 
overexpression lines (Figure 5.9B) and for some of the overexpression lines (in particular 
NLL2_A_1 and NLL2_E_2), there is also a significant decrease in the amount of nymphs (Figure 
5.9C). 
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Figure 5.9: Myzus persicae aphid performance in a non-choice test on wild type 
Arabidopsis plants and eight transgenic lines. The total offspring was counted after seven 
days (A). The number of adults (B) and nymphs (C) residing on the plants is also shown. Values 
are the means ± SE and represent the results from two biological replicates with six individual 
plants of every line in each of the replicates. Asterisks mark significant differences compared to 
the wild type (* p<0.05, ** p<0.01, *** p<0.001, ANOVA with the Tukey post hoc test and 
Bonfferroni-Holm correction for multiple testing). 
5.3.7 Ectopic expression of GmNLL1 and GmNLL2 in Arabidopsis 
results in enhanced protection against Pseudomonas syringae 
pv. tomato DC3000 
Wild type Arabidopsis plants and transgenic 35S::GmNLL1 and 35S::GmNLL2 plants were 
subjected to bacterial infection with Pseudomonas syringae pv. tomato DC3000 to further 
investigate the role of GmNLLs in plant defence. Disease symptoms, bacterial growth and cell 
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death were monitored daily. The first two days after the infection, no visible signs of bacterial 
infection were observed. Starting from three dpi, lesions were observed on the leaves and 
reduced disease symptoms were clear 4 dpi for the overexpression lines compared to the wild 
plants (Figure 5.10). In wild type plants, around 70 % of the leaf is constituted of discoloured 
lesions caused by the pathogen infection, while for all overexpression lines, the percentage of 
leaf damage ranges between 16 and 42 % four dpi. The lesion area of mock infected plants was 
also measured for all time points but the calculated lesion area was never higher than 2 %. 
Figure 5.10: Disease symptoms on wild type and transgenic Arabidopsis lines after 
infection with Pseudomonas syringae. Percentage leaf damage of infected leaves at 4 dpi was 
determined in Assess 2.0 and represents two biological replicates with six individual leaves of 
every line in each of the replicates. Error bars ± SE, asterisks indicate significant differences 
compared to the wild type (* p<0.05, ** p<0.01, *** p<0.001, Man-Whitney U test). . 
Additionally, bacterial growth of infected wild type and transgenic plants was assessed by 
determination of the biomass of Pseudomonas syringae in the inoculated Arabidopsis leaves. 
Using Pseudomonas specific primers, relative biomass ratios were determined by qPCR on 
extracted DNA from infected leaf material. The ratios shown in Figure 5.11, indicate that three 
dpi all mean ratios of the transgenic lines are lower than those of wild type plants. Yet, only two 
transgenic lines show statistically significant differences compared to the wild type plants. At 
four dpi, the ratios of wild type and transgenic plants were more alike and only line NLL2_A_1 
demonstrated a significantly lower Pseudomonas/Arabidopsis ratio than the wild type. Trypan 
blue staining of the infected leaves did not show clear differences between wild type plants and 
plants overexpressing GmNLL1 or GmNLL2 at any of the tested time points (Figure 5.12). 
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Figure 5.11: Relative Pseudomonas biomass in the overexpression lines, compared to the 
Pseudomonas biomass in wild type plants. Analysis was performed on infected leaves at 3 dpi 
(left panel – light grey) and 4 dpi (right panel – dark grey). qPCR data from two biological 
replicates were normalized with two Arabidopsis reference genes in REST-384. Error bars are 
standard errors and asterisks indicate significantly different ratios of the transgenic lines 
compared to wild type (assessed with the pair wise fixed reallocation randomization test, * 
p<0.05, ** p<0.01, *** p<0.001). 
Figure 5.12: Trypan blue staining of Arabidopsis leaves infected with Pseudomonas at 4 
dpi. 
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5.4 Discussion 
5.4.1 Nictaba-like genes from soybean are stress inducible, similar to 
the tobacco lectin gene 
The RT-qPCR analysis demonstrated that the expression of the three Nictaba-like genes was 
induced by salt treatment (Figure 5.1) whereas only minor changes in NLL transcript levels were 
observed after treatment with MeJA, ABA or SA (Figure S1-S3), with the exception of GmNLL3 for 
which the expression was upregulated upon SA treatment. Unexpectedly, MeJA had no effect on 
the expression of any of the tested NLLs in soybean while this is one of the major triggers for the 
expression of Nictaba in tobacco (Chen et al., 2002).  
Western blot analysis and ELISA confirmed Nictaba expression in the roots of cold treated 
tobacco plants (Delporte et al., 2011). Other abiotic stresses including mechanical wounding, 
heat stress, salt stress or UV radiation, failed to induce Nictaba expression in tobacco plants 
(Lannoo et al., 2007). Surprisingly, NLL1 expression was induced in soybean leaf and root tissues 
upon salt treatment (Figure 5.1A).  
The versatile gene expression profiles of the GmNLLs in response to hormonal stimuli and 
(a)biotic stresses incited us to explore cis-acting regulatory elements in their promoter 
sequences. Of all stress-related cis-acting elements, MeJA responsive motifs were highly 
abundant. However, this does not comply with our expression data (Figure S3) suggesting that 
the MeJA responsive elements that were identified in the promoter sequences of NLL1 and NLL2 
did not appear to be active. 
Treatment with Phytophthora sojae, an economically important soybean pathogen, resulted in an 
upregulation of NLL1 and NLL2 (Figure 5.1C). Transcript levels for NLL1 and NLL2 reached a 
maximum at 3dpi with an 11- and 3-fold upregulation, respectively. These results are in 
agreement with the identified ESTs for NLL1 (Torto-Alalibo et al., 2007). It was demonstrated 
that transcript levels of GmPR10, one of the soybean PR protein genes, were already upregulated 
3 hours post infection (Xu et al., 2014), indicating that NLLs are relatively late P. sojae-
responsive genes and might be involved in the second necrotrophic stage of this hemibiotrophic 
pathogen. Recently, several studies focused on the elucidation of the different hormone 
pathways that are associated with compatible and incompatible soybean-Phytophthora sojae 
interaction. At the transcriptional level, induction of the JA pathway was shown to be involved in 
compatible interactions together with suppression of the ET pathway and no significant changes 
in the SA pathway were observed (Lin et al., 2014b). However, proteomic data revealed that 
different components of the SA pathway were downregulated upon infection with virulent P. 
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sojae (Jing et al., 2015). The specific components and their role in the complex mechanism of the 
soybean-Phytophthora sojae interaction are not completely resolved and further investigations 
are necessary to determine the role of the SA, ET and JA pathway in this multifaceted interaction. 
As depicted in Figure 5.1D, Aphis glycines infestation of soybean leaves significantly triggered the 
expression of NLL1 and NLL2. Induction of lectin gene expression upon insect infestation was 
already reported for Nictaba. It was demonstrated that only after insect attack of the chewing 
caterpillars Spodoptera littoralis and Manduca sexta, and the spider mite Tetranychus urticae, 
Nictaba was accumulated in the tobacco plant. Infestation of aphids (Myzus nicotianae) or white 
flies (Trialeurodes vaporariorum) or infection with other pathogens (tobacco mosaic virus, 
Botrytis cinerea or Pseudomonas syringae pv. tabaci) did not alter the expression of the tobacco 
lectin (Lannoo et al., 2007; Vandenborre et al., 2009a,b). 
Our results demonstrate that soybean NLL genes are responsive to both biotic and abiotic 
stresses. Such a crosstalk is orchestrated by the involvement of not only plant hormones, but 
also MAPK, ROS, TFs, heat shock factors and small RNAs and was reviewed and reported for 
multiple plants including soybean (Fujita et al., 2006; AbuQamar et al., 2009; Atkinson and 
Urwin, 2012; Xiao et al., 2013; Nakashima et al., 2014; Rejeb et al., 2014; Ramegowda and 
Senthil-Kumar, 2015; Gupta et al., 2016). 
5.4.2 Ectopic expression of GmNLLs in Arabidopsis confers plant 
tolerance to salt stress, aphid infestation and Pseudomonas 
syringae pv. tomato infection 
Transgenic Arabidopsis overexpression plants were generated to further elucidate the functional 
roles of the soybean NLLs. Since the stress assays indicated that these NLL genes can be 
considered as stress-responsive genes, it was investigated whether overexpression of these 
genes resulted in enhanced salt tolerance or disease resistance, compared to wild type 
Arabidopsis plants. 
Our data show that soybean Nictaba-like lectins confer tolerance to salt stress in Arabidopsis 
transgenic lines. To further examine the roles of GmNLLs in abiotic stress tolerance, the 
transgenic overexpression lines and wild type plants were subjected to salt stress in multiple 
experimental set-ups. The data of the germination assay, post-germination assay and root length 
assay indicate that overexpression of GmNLL1 and GmNLL2 resulted in higher tolerance to salt 
stress (150 mM). Nevertheless, they do not show enhanced tolerance to mild salt (50 mM) stress 
conditions. Noteworthy, overexpression lines GmNLL1_C_6, GmNLL2_A_1 and GmNLL2_C_3 
display the highest enhanced tolerance in all salt stress related experiments. The differences 
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between the different lines did not correlate with the expression level of the GmNLLs in 
Arabidopsis. It is possible that these lines have higher amounts of GmNLLs at the protein level 
but this could not be investigated since GmNLL specific antibodies are not available. Although 
the protein abundances of the GmNLLs could not be determined, all overexpression lines 
performed better than the wild type plants in the germination and root growth experiments. The 
differences between the lines could be explained by a combination of post-transcriptional, 
translational and degradative regulation after the expression of mRNA (Vogel and Marcotte, 
2012; Feussner and Polle, 2015). Future salt and drought stress experiments on adult 
Arabidopsis plants could be helpful to investigate whether older plants also possess these salt 
tolerant characteristics and if GmNLL1 and GmNLL2 might be components of the regulatory 
pathways of salt stress in plants. 
In another set of experiments, plants were infected with Phytophthora brassicae and the 
development of disease symptoms was studied. Furthermore aniline blue staining of infected 
leaves was performed to visualize callose deposition. However, none of the tested 
overexpression lines demonstrated enhanced disease resistance compared to wild type 
Arabidopsis plants. Overexpression of the GmNLLs in soybean and subsequent infections with P. 
sojae might help to provide more insight in the role of GmNLLs in the soybean – P. sojae 
interaction. Analysis of susceptible and resistant soybean cultivars revealed that an F-box 
Nictaba homolog (Glyma.19G41900) is significantly upregulated upon P. sojae infection in 
resistant cultivars and was suggested to contribute to the higher resistance level (Wang et al., 
2012). 
Bacterial blight of soybean is caused by Pseudomonas syringae pv. glycinea and can cause 
significant yield losses. Arabidopsis plants overexpressing GmNLLs were used in an infection 
assay with Pseudomonas syringae pv. tomato, an Arabidopsis compatible pathogen (Katagiri et al., 
2002). Our results demonstrated that less disease symptoms were observed compared to wild 
type plants, and these observations could be explained by reduced bacterial biomass ratios for 
some of the overexpression lines. It was demonstrated that Pseudomonas syringe induces both 
SA and JA pathways (Spoel et al., 2003) but RT-qPCR analysis demonstrated that these pathways 
are not perturbed in the Pseudomonas infected GmNLL overexpression lines (data not shown). 
Overexpression of GmNLLs was shown to reduce aphid performance on the transgenic 
Arabidopsis thaliana lines. Since the GmNLLs genes are expressed constitutively, the lectin will 
be present in all plant tissues and will also reach the phloem. Sucking of the phloem sap is the 
most likely route for the lectin to enter the aphid and interact with its tissues, metabolic 
processes and development. The total offspring of Myzus persicae was significantly reduced in all 
overexpression lines, ultimately leading to a reduced population buildup. Our results clearly 
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showed that considerably fewer adults were present on the transgenic lines. We expect that 
there is a combined effect of the GmNLLs on survival of the aphids and in their reproduction. 
Future studies can focus on the mechanism(s) of the insecticidal activity. Experiments with 
tobacco plants indicated that Nictaba expression was not induced by aphid (Myzus nicotianae) 
feeding but insect feeding by Manduca sexta, Spodoptera littoralis and Tetranychus urticae did 
trigger Nictaba accumulation (Lannoo et al., 2007; Vandenborre et al., 2009a,b). Furthermore, 
feeding experiments with transgenic tobacco plants in which the Nictaba gene was silenced, 
demonstrated that Spodoptera littoralis development was enhanced while overexpression of 
Nictaba led to significantly slower larval development of both Spodoptera littoralis and Manduca 
sexta (Vandenborre et al., 2010). This result confirms our hypothesis that Nictaba-like lectins 
from different species exhibit a strong direct insecticidal activity, but their specificity towards 
different insects apparently differs.  
Similar to the salt stress experiments, the results of the biotic stress experiments demonstrate 
that there is no correlation between the observed effects of the different overexpression lines, 
and their expression level. Yet, the overexpression lines showed a better performance compared 
to the wild type plants. It is probable to speculate that post-transcriptional regulation resulted in 
altered protein abundances, and ultimately in the diffences in response between the different 
overexpression lines. 
All previous research on NLLs focused on the model species Arabidopsis and tobacco. Hence, this 
is the first study that focusses on NLLs in a crop species. Our data show that similar to Nictaba in 
tobacco, the NLLs from soybean can also be considered as stress inducible proteins. 
Nevertheless, the Nictaba-like genes in both species act differently. The expression of Nictaba 
from tobacco is increased after treatment with jasmonates whereas this is not the case for the 
soybean NLLs under study. Nictaba expression in tobacco was enhanced after insect herbivory 
by caterpillars but not by aphids. For soybean, our data clearly show that Aphis glycines 
infestation triggers the expression of particular NLL genes. Furthermore, GmNLL overexpression 
lines in Arabidopsis reduced the growth and development of Myzus persicae. In addition, these 
transgenic lines also enhanced tolerance to salt stress at the seedling stage, and showed less 
disease symptoms upon Pseudomonas syringae infection. The data strongly suggest the 
involvement of GmNLLs in plant defence responses not only against pest or pathogens, but also 
in abiotic stress. These results propose that GmNLLs are controlled by a complex regulatory 
network. GmNLL1 and GmNLL2 are two possible candidates to further elucidate the 
physiological importance of the Nictaba-like lectins from soybean, which can ultimately lead to 
novel strategies and design of crop plants with improved tolerance to changing environmental 
conditions. 
 6 
General discussion and 
perspectives for future research 
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Recently, the involvement of plant lectins in plant innate immunity has become undoubtedly 
clear. More specifically, plant lectins are suggested to play a role in the plant stress response to 
both biotic and abiotic stress (Lannoo and Van Damme, 2014). Indeed, multiple examples 
validate this hypothesis. Several Arabidopsis membrane-bound L-type RLKs were found to 
confer resistance to oomycetes, bacteria and/or fungi and one of these lectins was identified as 
the first ATP receptor in plants (Desclos-Theveniau et al., 2012; Singh et al., 2012; Huang et al., 
2013, 2014; Choi et al., 2014; Wang et al., 2015a,b). Moreover, as Lannoo & Van Damme pointed 
out in their review, nucleocytoplasmic lectins have also been suggested to be part of plant stress 
defence pathways as they can play roles in signal transduction (Lannoo and Van Damme, 2014). 
Several members of the family of nucleocytoplasmic lectins were found to display plant stress-
responsive properties, including proteins from the EUL-, the jacalin- and the Nictaba-related 
family (Zhang et al., 2000; Chen et al., 2002; Lannoo et al., 2007; Vandenborre et al., 2009b; Al 
Atalah et al., 2014; Song et al., 2014; Van Hove et al., 2015).  
Plants can be affected by a broad variety of stressors, accompanied with substantial yield losses. 
Unfortunately, the growing world population and continuing consumption will request an 
increased food demand in the years to come, while global warming comprises an additional 
threat to food security (Godfray et al., 2010). That is why it is imperative to enlarge our 
understanding of how plant stress mechanisms work in order to engineer better adapted plants 
to meet the challenges of the future. 
The objective of this work was to investigate if the group of Nictaba-related lectin genes from 
soybean, homologous to the stress-responsive tobacco lectin, display similar biological 
properties as the tobacco lectin. By studying the subcellular localization, expression in the plant 
and the stress-responsiveness of these Nictaba-like genes, we aimed to get some indications for 
the physiological roles of these proteins in the plant. Figure 6.1 shows a hypothetical model 
representing the different processes Nictaba-related lectin genes/proteins from soybean 
(further referred to as GmNLLs) could be involved in in the plant cell. Each of these processes 
will also be discussed in this chapter. 
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Figure 6.1: Hypothetical model representing the different aspects in which GmNLLs could 
be involved in the plant cell. Numbers refer to the different paragraphs in this chapter. 
6.1 Expression of GmNLLs 
The subcellular localization of the GmNLLs was explored by microscopic analysis of 
fluorescently labelled GmNLLs, stably transformed in BY-2 cells and transiently transformed in 
tobacco leaves. The results from both analyses were consistent and confirmed the presence of 
the NLLs in the nucleus and the cytoplasm of the plant cell (Figure 6.1 - ①). The NLL sequences 
do not possess a signal peptide, and are presumably synthesized on free ribosomes in the 
cytosol of the plant cell. However, microscopic analysis showed that the NLLs reside in the 
cytoplasm and the nucleus. The GmNLL-GFP fusions are too large to allow passive diffusion into 
the nucleus and the GmNLL sequences do not contain a classical NLS, required for traditional 
active nuclear import. It should be noted that additional nuclear import pathways have been 
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characterized, depending on different import signals and these might be involved in nuclear 
translocation of nucleocytoplasmic lectins (Ziemienowicz et al., 2003; Pemberton and Paschal, 
2005). Thus far, it remains unclear how the soybean NLL proteins are partially translocated 
from the cytosol to the nucleus, similar to the tobacco lectin and other nucleocytoplasmic lectins 
(Al Atalah et al., 2011; Van Hove et al., 2011; Delporte, 2013). Considering the confined 
localization of the GmNLLs in the cytoplasm and nucleus, interacting partners and networks 
should be identified in the same cellular compartments, unless the expression pattern would 
change under stress conditions, as described before for other proteins (García et al., 2010; 
Moore et al., 2011). Therefore, it could be interesting to investigate the localization pattern of 
these proteins when their expression is triggered by stress application. Expression of the GFP-
NLL fusion proteins under control of their own promoter could be a convenient approach. 
Confirmation of the subcellular localization pattern by immunohistochemistry could work 
complementary since it has been argued that the fluorescent tag could disturb the native 
behaviour of the target proteins (Margolin, 2012; Gahlmann and Moerner, 2014). 
Immunostaining was not included in our research since no specific antibodies are available. 
The expression of the GmNLL genes in different plant tissues and developmental stages was 
investigated by RT-qPCR under normal growth conditions. The results demonstrated a distinct 
expression pattern of the different GmNLLs, contrary to the expression of Nictaba from tobacco, 
which is not detectable under normal conditions (Chen et al., 2002; Lannoo et al., 2007). 
6.2 GmNLLs are stress-responsive genes 
An extensive expression analysis of the soybean NLL genes was performed to investigate if the 
expression of these genes changes upon stress application. Based on the results of the RT-qPCR 
analyses, it can be concluded that the expression of the GmNLLs is enhanced upon salinity, 
infection with Phytophthora sojae and infestation with soybean aphids (Figure 6.1 - ②). The 
transcript levels of the GmNLLs were different for different stressors, and application of 
hormones could not substantially trigger the expression of GmNLL1 or GmNLL2. Despite the 
induction of the GmNLLs upon insect feeding, the stress inducibility of the soybean NLL genes 
differs considerably compared to the inducibility of the tobacco lectin. Nictaba in tobacco could 
only be expressed upon jasmonate treatment (Chen et al., 2002) while this plant hormone does 
not influence the expression pattern of the soybean homologs. The expression of GmNLL1 was 
increased after treatment with salt whereas the tobacco lectin expression was not responsive to 
any of the tested abiotic stress treatments, except for cold (Lannoo et al., 2007; Delporte et al., 
2011). Nictaba expression was enhanced after insect herbivory in both tobacco and soybean. 
Soybean aphid infestation triggered GmNLL expression but then again, insect feeding by 
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caterpillars (not aphids) enhanced Nictaba expression in tobacco leaves. These data clearly 
demonstrate that general conclusions concerning the stress-responsiveness of Nictaba 
homologs in different species must be drawn carefully and it remains difficult to predict the 
properties of these genes even if they display high percentages of sequence identity and 
similarity (as is the case for the different soybean NLLs). Further investigation into the SRA 
database, which groups all RNA-seq and microarray data, could be interesting to explore altered 
transcript levels of the GmNLLs under stress conditions that were not include in our research. 
Because the different GmNLLs displayed a stress-responsive expression pattern, it has been 
suggested that these proteins could play a role in the plant stress response. Arabidopsis lines 
overexpressing the GmNLLs and wild type plants were exposed to different stresses to 
investigate if the overexpression lines displayed an enhanced tolerance compared to the wild 
type plants. The transgenic plants overexpressing GmNLL1 and GmNLL2 showed enhanced salt 
tolerance at the seedling stage and also showed reduced leaf damage upon infection with 
Pseudomonas syringae. Furthermore upon aphid infestation, the overexpression lines 
demonstrated a higher performance. Surprisingly, no differences in disease symptoms could be 
observed between the wild type plants and the overexpression lines when they were subjected 
to Phytophthora infection. The Arabidopsis-Phytophthora brassicae pathosystem has been 
investigated extensively and Arabidopsis resistance to the pathogen has been attributed to the 
PAD2 gene, which encodes a γ-glutamylcysteine synthetase. JA, SA nor ET are involved in disease 
resistance in Arabidopsis since JA, SA and ET insensitive mutants (jar1, nahG, npr1, etr1 and ein2) 
remained resistant to the pathogen (Roetschi et al., 2001; Parisy et al., 2007). On the contrary, 
resistance of soybean against Phytophthora sojae was shown to be mediated by an interplay of 
SA and ET-signalling pathways (Moy et al., 2004; Sandhu et al., 2009; Sugano et al., 2013; Lin et 
al., 2014b). This discrepancy could explain the susceptibility of the Arabidopsis overexpression 
lines towards Phytophthora brassicae. Soybean overexpression lines would provide a better 
alternative to investigate the role of the GmNLLs in resistance mechanisms towards P. sojae. 
Unfortunately, our efforts in generating soybean overexpression lines failed. 
In the last years, PAD4 (phytoalexin deficient 4) has been identified to play a key role in the 
Arabidopsis-Myzus persicae interaction (Louis and Shah, 2015). Soon after aphid feeding, PAD4 
expression levels are upregulated in Arabidopsis leaves (Pegadaraju et al., 2005, 2007; Louis et 
al., 2010a). TPS11 (involved in trehalose metabolism) and LOX5 (encodes a 9-lipoxygenase) are 
also induced in shoot and root tissue, respectively, and in turn increase the expression of PAD4 
(Singh et al., 2011; Nalam et al., 2012). Aphid feeding independently also induces the expression 
of MPL1 (Myzus persicae induced lipase 1) (Louis et al., 2010b) and both PAD4 and MPL1 are 
implicated in antibiosis. The aphid infested Arabidopsis plants will also accumulate ET, which is 
associated with antixenosis (Dong et al., 2004). Other signalling components that negatively 
regulate PAD4 or MPL1 expression or ET accumulation have also been identified but the exact 
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regulation of PAD4 by the different components is still unclear (Louis and Shah, 2015). Similar to 
Arabidopsis, Myzus persicae infestation of tomato plants resulted in upregulation of the tomato 
PAD4 and TPS11 homolog, suggesting similar signalling pathways in both species. In agreement 
with the responses in Arabidopsis and tomato, transcript levels of soybean PAD4 are induced by 
feeding of the soybean aphid (Singh and Shah, 2012). Overexpression of the GmNLLs in 
Arabidopsis did not alter PAD4 transcript levels (data not shown). These observations, together 
with the direct insecticidal activity of the Nictaba homologs favor the role of Nictaba-like 
proteins in defense mechanisms rather a function in signaling pathways upon insect feeding. 
Considering the nucleocytoplasmic localization of the GmNLLs, these proteins might possibly 
interact with salivary components that are injected in the plant’s epidermis and mesophyll upon 
aphid feeding. It was demonstrated that Myzus persicae salivary components induced defence 
responses in Arabidopsis thaliana, similar to aphid feeding, and the saliva-induced resistance is 
independent of the SA, JA or ET signalling pathways (De Vos and Jander, 2009). Upon aphid 
infestation, SA concentrations in Arabidopsis increase and expression of SA responsive genes is 
triggered (Moran and Thompson, 2001; Moran et al., 2002; Louis et al., 2012). However, SA 
signalling is not crucial in the aphid-Arabidopsis interaction since nahG and npr1 mutants 
demonstrated similar aphid performance compared to wild type plants (Moran and Thompson, 
2001; Mewis et al., 2005; Pegadaraju et al., 2005). In the aphid-soybean interaction, SA and JA 
were also suggested to play a role plant defence. Upon aphid colonization, soybean fatty acid 
levels decrease, thereby inhibiting JA synthesis and downstream JA-dependent defences 
(Kanobe et al., 2015). To gain more insight in the role of GmNLLs in the plant defence response 
against aphids, the underlying signalling pathways can be further investigated. As a first test, a 
choice test can be performed to study the involvement of the GmNLLs in antixenosis. This can 
denote differences in the aphid's preference for the overexpression lines and wild type plants. 
To further elucidate the mechanisms that adversely impacted Myzus persicae population buildup 
in our previous experiment, new experiments should be designed in which the the fecundity and 
development of the aphids are monitored individually on the GmNLL Arabidopsis overexpression 
lines. 
The involvement of GmNLLs in both salt stress, enhanced aphid tolerance and Pseudomonas 
interaction might seem peculiar, but simultaneous exposure to both abiotic and biotic stress is 
common in plants in their natural environment. To date, the molecular mechanisms regulating 
abiotic or biotic stress have been examined separately and our understanding of stress 
signalling pathways under combinations of abiotic and biotic stresses is poor. More and more 
evidence of components involved in both stresses is emerging; yet, the role of hormone 
signalling under stress combinations is largely unclear. Elucidation of the underlying signalling 
networks is required and pivotal to fully understand these mechanisms and exploit them to 
develop crop plants that are tolerant to simultaneous stresses (Ellis et al., 2002; Fujita et al., 
2006; Khong et al., 2015; Ramegowda and Senthil-Kumar, 2015; Gupta et al., 2016). 
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6.3 Interaction of GmNLLs and sugar-binding 
specificity 
Unfortunately, no experiments could be performed at protein level since recombinant 
expression of the GmNLLs was unsuccessful despite several attempts to express the proteins in 
Pichia pastoris, tobacco BY-2 cells, Arabidopsis PSB-D cells or E. coli. Different strategies were 
employed (constructs with or without signal peptide, histidine and GS tags) but none of them 
yielded positive results. The GmNLL genes encode Nictaba-like proteins containing one 
(GmNLL1) or two Nictaba-related domains (GmNLL2) preceded by an N-terminal sequence for 
which no functional domain could be identified. Upon synthesis on free ribosomes in the cytosol, 
it is unclear whether these chimeric proteins undergo processing and if the different domains 
remain together. Other post translational modifications including methylation, sumoylation, 
ubquination, lipidation or phosphorylation could theoretically also be possible. Ubiquination 
and phosphorylation were shown to be involved in the controlled activation of the innate 
immune response in plants (Li et al., 2014; Couto and Zipfel, 2016). Similar to the tobacco lectin, 
the GmNLLs might also form dimers (Chen et al., 2002) (Figure 6.1 - ③). 
Purification of the recombinant GmNLL proteins could also enable us to determine whether 
these proteins are functional lectins and to define their sugar-binding specificity. Considering 
the distinct glycan-binding properties between the tobacco lectin and its Arabidopsis F-box 
Nictaba homolog (Lannoo et al., 2006; Stefanowicz et al., 2012), the soybean Nictaba homologs 
probably exhibit a unique specificity. Possible targets for the GmNLLs are N-glycosylated 
proteins in plants but these are mainly membrane bound or secreted proteins, thereby not 
accessible for the GmNLLs that reside in the nucleus and the cytoplasm. Recently, free N-glycans 
were detected intracellularly and in the extracellular space (Figure 6.1 - ③) (Maeda et al., 2010). 
It is generally believed that free N-glycans are released from misfolded proteins during 
degradation of glycoproteins by the proteasome in the cytosol. These free N-glycans were 
proposed to fulfil a role in plant growth and fruit maturation (Nakamura et al., 2008; Maeda and 
Kimura, 2014). Further reseach will have to be conducted to determine whether free N-glycans 
are possible targets for the GmNLLs. 
In view of the possible role of the GmNLLs in plant defence responses, exogenous glycans can 
also be possible targets for the GmNLLs. However, perception of pathogens occurs at the cell 
wall and cell membrane while the GmNLLs were demonstrated to be nucleocytoplasmic 
proteins. Pseudomonas syringae employs the type III secretion system to inject bacterial 
effectors into plant cells to suppress plant immune responses. Similarly aphids release effectors 
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in the attacked plant cells through their stylet and oomycetes use haustoria to deliver effectors 
into the plant cytoplasm (Oh et al., 2010; Petre and Kamoun, 2014; Züst and Agrawal, 2016). Yet, 
little is known regarding possible glycosylation of these effectors so it remains unclear whether 
these might be possible targets for the GmNLLs. 
O-GlcNAc modification of nuclear and cytosolic proteins was reported for some time now, and 
was reported to be a highly dynamic modification, involved in plant development and hormone 
signalling (Olszewski et al., 2010; Steiner et al., 2012). The tobacco lectin was shown to interact 
with O-GlcNAc modified histones, possibly regulating gene expression in response to stress 
(Delporte et al., 2014). It is however very unlikely that the GmNLLs will have the same 
properties as the lectin from tobacco considering the promiscuity of lectins in general.  
Future challenges include the characterization of possible protein interacting partners for the 
GmNLLs in the nucleus and/or the cytoplasm. Proteins never act alone but work together with 
other proteins to form protein interaction networks. Mapping and understanding of these 
interactomes will provide deeper insights and valuable hints about the underlying complex 
networks of which the GmNLLs are part (Zhang et al., 2010; De Las Rivas and Fontanillo, 2012; 
Braun et al., 2013). Ultimately, this information can prove the biological relevance of the 
soybean NLLs for the plant. Protein-protein interactions can be analysed using the yeast two-
hybrid system or using affinity purification (pull-down assay, co-immunoprecipitation, tandem 
affinity purification) followed by mass spectrometry. Biomolecular fluorescence 
complementation (BiFC) and Förster resonance energy transfer (FRET) are two possible 
techniques to confirm the interaction between putative interactors in vivo. It could also be 
interesting to include stress-treated plants in these assays as the GmNLLs are considered to be 
stress-responsive, signifying their interacting partners could possible also be induced by these 
stresses. 
6.4 Final remarks 
The main goal of this PhD research was to study the Nictaba-like genes from soybean and to 
elucidate their role in planta. The Nictaba-like genes under study were shown to be part of a 
larger Nictaba lectin family in soybean, a crop in which more than 350 putative lectin genes 
were discovered. The importance of Nictaba-like genes in general is demonstrated by their 
ubiquitous distribution in food crops (illustrated in chapter 3). The presence of a significant 
number of NLL genes in all studied crops postulates that this family of lectin genes was retained 
in these different species after several rounds of duplication and rearrangement events, most 
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probably because they contributed to plant development. The expression profile of some GmNLL 
genes was investigated and showed that these genes are continuously expressed in different 
tissues throughout the soybean lifecycle (chapter 4). However, application of salt stress, aphid 
infestation and Phytophthora infection significantly induced the expression of some GmNLL 
genes. Using transgenic Arabidopsis lines, the biological functions of these genes were further 
investigated and confirmed the role of GmNLLs in enhanced tolerance towards various stresses. 
As discussed in chapter 2, the Nictaba-related lectins studied here, are part of a larger soybean 
Nictaba-like lectin family. Plant stress resistance is conferred by a complex network of proteins, 
and GmNLLs were identified to be a part of this system. The results obtained for the NLLs in 
soybean, one of the most important crops worldwide, provide imperative information for 
exploring the potential of NLLs in the future, and can possibly be expanded to other species. The 
widespread distribution of Nictaba-like genes was already highlighted in chapter 3 and all of the 
investigated Nictaba-like genes today confirmed that these are stress-responsive genes, as 
shown in chapter 5.  
To conclude, this PhD work provided valuable indications that the soybean NLLs are involved in 
the plant stress response against pathogens, insects and salt stress, and contributed significantly 
to a better understanding of Nictaba-like proteins from soybean in the stress physiology of the 
plant. However, further functional investigation of the soybean NLLs is mandatory to unravel the 
underlying mechanisms and pathways, and to better understand how plants interact with their 
environment. Ultimately, the knowledge on Nictaba-lectin genes and their interacting partners 
could be exploited to engineer crops with improved tolerance against external stresses. 
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Plants are frequently challenged by a plethora of environmental stresses but have found ways to 
cope with the adverse conditions. It is believed that lectins, carbohydrate-binding proteins, are 
part of the plant stress response. In the last ten years, the focus of lectin research has shifted to a 
newly identified group of lectins which are upregulated in the plant upon stress application, and 
are localized to the nucleus and the cytoplasm of the plant cell. The family of Nictaba-like lectins 
(NLLs) is part of the group of nucleocytoplasmic proteins, and this PhD work focused on some of 
these NLLs in soybean, an important crop. Using a multidisciplinary approach, more insight was 
generated in the physiological roles of some Nictaba-like genes from soybean .  
In chapter one, a literature overview is presented focusing on the general concepts of plant 
defence and the different components that are part of the signalling network which makes it 
possible for plants to cope with adverse environmental conditions. In addition, some important 
biotic and abiotic factors that hamper optimal growth of soybean are enumerated.  
Nictaba-like proteins are part of the larger group of lectins. In chapter two, the occurrence and 
distribution of lectin domains was investigated in the soybean genome. More than 360 putative 
lectin genes were indentified representing genes from nine of the twelve plant lectin families. 
Analysis of the domain organization revealed that most of these genes encode multi-domain 
proteins and some of them are stress-related. Moreover, the lectin gene family in soybean was 
shown to have evolved mostly through tandem and segmental duplications. Next, a survey of 
Nictaba-like genes was conducted for several important food crops to further investigate the 
distribution of this lectin family. The results are presented in chapter three and showed indeed 
that Nictaba-like genes are abundant in the genomes of several legume species, Solanaceae and 
monocots. Furthermore, phylogenetic analysis revealed that all identified Nictaba-like genes can 
be grouped into four clades, and most probably originated from a common ancestor before the 
separation of monocots and dicots. 
To gain more insight in the possible role of the Nictaba-like proteins in soybean, a localization 
study was performed to determine their subcellular localization in plant cells. Confocal 
microscopy experiments revealed that the fluorescent signal of GmNLL-EGFP and EGFP-GmNLL 
was present in the nucleus and the cytoplasm of the cell after transient expression of the fusion 
proteins in tobacco leaves. These results were confirmed by experiments in stably transformed 
suspension-cultured BY-2 cells. Additionally, a spatio-temperal expression analysis of the 
GmNLLs in soybean was included in chapter four. The RT-qPCR data demonstrated that 
transcript levels for the three GmNLL genes were identified in all analyzed tissues, but GmNLL1 
and GmNLL2 transcript levels were more prominent in the cotyledons and leaves whereas 
transcript levels for GmNLL3 were the highest in 11-day-old plants and developing seeds and 
pods. 
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The stress-responsiveness of the GmNLLs is discussed in chapter five. A series of plant hormone 
treatments, salt application and infection experiments with Phytophthora sojae and Aphis 
glycines revealed that the GmNLLs can be considered as stress-responsive genes. After treatment 
with salt, Aphis glycines infestation or Phytophthora sojae infection, GmNLL1 was significantly 
upregulated. GmNLL2 transcript levels were also higher upon biotic stress application and 
GmNLL3 expression was triggered by salicylic acid treatment. To further investigate the 
biological functions of the GmNLLs, overexpression lines in Arabidopsis were generated and it 
was investigated whether these transgenic plants enhanced tolerance towards stress. Our data 
showed that ectopic expression of GmNLL1 or GmNLL2 does not confer resistance to 
Phytophthora brassicae. On the contrary, these overexpression lines did show reduced disease 
symptoms upon Pseudomonas syringae infection, compared with wild type plants. Moreover, 
GmNLL1 and GmNLL2 overexpression lines reduced the growth and development of the green 
peach aphid (Myzus persicae) and enhanced tolerance to salt stress at the seedling stage. 
Based on data from the different experiments, it can be concluded that the GmNLLs are involved 
in the plant stress response against pests, pathogens and salt stress. An overview of the most 
important findings, links and implications to the complex network these GmNLLs possibly are 
involved in, are presented in chapter six. General conclusions were formulated, together with 
some perspectives for future research, which can provide additional insights in the role and 
function of the Nictaba-like lectins in soybean. 
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Planten worden vaak blootgesteld aan verschillende stressfactoren maar hebben mechanismen 
ontwikkeld om gepast om te gaan met deze ongunstige omstandigheden. Er wordt aangenomen 
dat lectinen, suikerbindende eiwitten, een onderdeel zijn van de stressrespons van de plant. In 
de voorbije tien jaar werd de focus van het lectine onderzoek verschoven naar een nieuw 
ontdekte groep van lectinen die opgereguleerd worden in de plant na blootstelling aan bepaalde 
stressfactoren, en gelokaliseerd zijn in de kern en het cytoplasma van de plantencel. De familie 
van de Nictaba-gerelateerde lectinen (NLLs) maakt deel uit van de groep van 
nucleocytoplasmatische lectinen en in dit doctoraat werden enkele NLLs uit de sojaplant verder 
onderzocht. Door gebruik te maken van een multidisciplinaire aanpak werd meer inzicht 
ontwikkeld in de mogelijke functies van deze Nictaba-gerelateerde genen in soja. 
De literatuurstudie in hoofdstuk één geeft een overzicht van de huidige kennis omtrent 
stressafweer in planten en de verschillende componenten die deel uitmaken van het 
signaleringsnetwerk. Daarnaast worden enkele belangrijke biotische en abiotische factoren 
beschreven die de optimale groei van soja belemmeren.  
Nictaba-gerelateerde lectinen behoren tot de grotere groep van plantenlectinen. In hoofdstuk 
twee werd de aanwezigheid en verspreiding van lectinemotieven nagegaan in het genoom van 
soja. Er werden meer dan 360 mogelijke lectinegenen geïdentificeerd en deze genen konden 
geclassificeerd worden in negen van de twaalf plantenlectinenfamilies. De domeinorganisatie 
van de lectinesequenties werd geanalyseerd en toonde aan dat de meeste van deze genen 
coderen voor eiwitten met meerdere domeinen waarvan sommige beschouwd kunnen worden 
als stressgerelateerde eiwitten. Daarnaast werd aangetoond dat de lectinegenen voornamelijk 
evolueerden door segmentele en tandem duplicatie. Vervolgens werd de verspreiding van de 
Nictaba-gerelateerde genen nagegaan in een aantal belangrijke voedingsgewassen. De resultaten 
van dit onderzoek worden voorgesteld in hoofdstuk drie en bevestigen dat Nictaba-
gerelateerde genen abundant aanwezig zijn in de genomen van enkele vlinderbloemigen, 
Solanaceae en monocotylen. Door middel van een fylogenetische analyse werd duidelijk dat alle 
geïdentificeerd genen opgedeeld kunnen worden in vier groepen, en dat deze genen 
waarschijnlijk afstammen van een gemeenschappelijke voorouder voor de opsplitsing van 
monocotylen en dicotylen. 
Om meer inzicht te krijgen in de mogelijke rol van de Nictaba-gerelateerde eiwitten in soja werd 
een lokalisatiestudie uitgevoerd. Experimenten met de confocale microscoop wezen uit dat het 
fluorescent signaal van de GmNLL-EGFP en EGFP-GmNLL fusie-eiwitten aanwezig was in de kern 
en het cytoplasma van de cel na transiënte expressie in tabaksbladeren. Deze resultaten werden 
bevestigd in experimenten met stabiel getransformeerde BY-2 celsuspensiecellen. Daarnaast 
werd ook een expressie analyse van de GmNLLs in soja uitgevoerd in hoofdstuk vier. De RT-
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qPCR data toonden aan dat expressie van de drie GmNLL genen aangetoond kon worden in alle 
geanalyseerde weefsels. De GmNLL1 en GmNLL2 transcriptieniveaus waren echter meer 
prominent in de cotyledonen en bladeren terwijl transcriptieniveaus voor GmNLL3 het hoogst 
waren in 11-dagen oude planten en ontwikkelende zaden en peulen. 
De stress-responsiviteit van de GmNLLs wordt besproken in hoofdstuk vijf. Applicatie van 
plantenhormonen of zout en infectie experimenten met Phytophthora sojae en Aphis glycines 
toonden aan dat de GmNLLs beschouwd kunnen worden als stress-responsieve genen. GmNLL1 
transcriptieniveaus werden significant verhoogd na behandeling met zout, Aphis glycines of 
Phytophthora sojae infectie. Het transcriptieniveau van GmNLL2 werd ook opgereguleerd na 
blootstelling aan de biotische stressfactoren terwijl de expressie van GmNLL3 enkel wijzigde na 
salicylzuurbehandeling. Om de biologische functies van de GmNLLs verder te onderzoeken 
werden overexpressielijnen in Arabidopsis gegenereerd en werd onderzocht of deze transgene 
planten een verhoogde tolerantie tegen stress vertoonden. Onze experimenten gaven aan dat 
overexpressie van GmNLL1 of GmNLL2 geen invloed heeft op de ontwikkeling van Phytophthora 
brassicae infecties. Anderzijds vertoonden deze overexpressielijnen wel verminderde 
ziektesymptomen na Pseudomonas syringae infecties. Bovendien was er een verminderde groei 
en ontwikkeling van de groene perziksbladluis (Myzus persicae) op deze overexpressielijnen 
vergeleken met de wild type planten, en was er een verhoogde tolerantie waar te nemen bij 
zoutstress experimenten. 
Rekening houdend met alle resultaten kan geconcludeerd worden dat de GmNLLs betrokken zijn 
bij de stressrespons tegen insecten, pathogenen en zoutstress. Een overzicht van de 
belangrijkste bevindingen en implicaties voor het complexe netwerk waar deze GmNLLs 
mogelijks in betrokken zijn, wordt beschreven in hoofdstuk zes. Algemene conclusies werden 
geformuleerd en er werden ideeën aangereikt voor toekomstig onderzoek die kunnen helpen 
om bijkomende inzichten te verkrijgen in de rol en functie van de Nictaba-gerelateerde lectinen 
in soja. 
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Table S1: Overview of all Nictaba domain containing sequences grouped per clade and with their corresponding domain architectures 
Clade I 
Sotub01g037780 F-box Nictaba S. tuberosum C.cajan_10134_gene F-box Nictaba C. cajan Medtr3g450990 F-box Nictaba M. truncatula 
Sotub01g037790 F-box Nictaba S. tuberosum C.cajan_10135_gene F-box Nictaba C. cajan Medtr2g079100 F-box Nictaba M. truncatula 
Sotub01g037800 F-box Nictaba S. tuberosum C.cajan_10826_gene F-box Nictaba C. cajan Medtr1g079210 Nictaba M. truncatula 
Sotub01g043350 Nictaba S. tuberosum C.cajan_07066_gene F-box Nictaba C. cajan Medtr1g079390 Nictaba M. truncatula 
Sotub02g006180 Nictaba S. tuberosum Lj0g3v0322949 F-box Nictaba L. japonicus Medtr3g058640 Nictaba M. truncatula 
Sotub04g019660 F-box Nictaba S. tuberosum Lj5g3v1301190 F-box Nictaba L. japonicus Medtr1g079220 Nictaba M. truncatula 
Sotub04g019970 Nictaba S. tuberosum Lj1g3v4918590 F-box Nictaba L. japonicus Medtr7g096310 Nictaba M. truncatula 
Sotub05g026440 Nictaba S. tuberosum Lj2g3v0855310 F-box Nictaba L. japonicus Medtr1g079840 Nictaba M. truncatula 
Sotub05g026450 Nictaba S. tuberosum Lj0g3v0274799 Nictaba L. japonicus Glyma.03G233800 F-box Nictaba G. max 
Sotub05g029060 F-box Nictaba S. tuberosum Lj5g3v0539990 F-box Nictaba L. japonicus Glyma.03G233900 F-box Nictaba G. max 
Sotub09g028070 Nictaba S. tuberosum Lj0g3v0254219 F-box Nictaba L. japonicus Glyma.03G253900 F-box Nictaba G. max 
Sotub10g014710 F-box Nictaba S. tuberosum Lj5g3v1302290 F-box Nictaba L. japonicus Glyma.06G270800 F-box Nictaba G. max 
Sotub10g014720 Nictaba S. tuberosum Lj2g3v1141900 Nictaba L. japonicus Glyma.06G271000 F-box Nictaba G. max 
Sotub11g012030 Nictaba S. tuberosum Lj1g3v4918570 Nictaba L. japonicus Glyma.10G150400 F-box Nictaba G. max 
Sotub11g012040 F-box Nictaba S. tuberosum Lj0g3v0017329 F-box Nictaba L. japonicus Glyma.10G169300 F-box Nictaba G. max 
Sotub11g012050 F-box Nictaba S. tuberosum Lj0g3v0017339 Nictaba L. japonicus Glyma.10G169600 F-box Nictaba G. max 
Sotub11g012060 F-box Nictaba S. tuberosum Phvul.001G013300 F-box Nictaba P. vulgaris Glyma.14G073300 F-box Nictaba G. max 
Sotub11g013640 Nictaba S. tuberosum Phvul.001G013400 F-box Nictaba P. vulgaris Glyma.17G251700 F-box Nictaba G. max 
Sotub11g013650 Nictaba S. tuberosum Phvul.001G082600 F-box Nictaba P. vulgaris Glyma.19G231000 F-box Nictaba G. max 
Sotub12g018250 Nictaba S. tuberosum Phvul.006G087800 F-box Nictaba P. vulgaris Glyma.20G220100 F-box Nictaba G. max 
Sotub12g022790 F-box Nictaba S. tuberosum Phvul.006G108500 F-box Nictaba P. vulgaris Glyma.20G220200 F-box Nictaba G. max 
Sotub12g022870 Nictaba S. tuberosum Phvul.007G116000 F-box Nictaba P. vulgaris Glyma.20G220300 F-box Nictaba G. max 
Sotub12g029380 TIR Nictaba S. tuberosum Phvul.007G119600 F-box Nictaba P. vulgaris Sobic.004G340700 F-box Nictaba S. bicolor 
Sotub12g029400 Nictaba S. tuberosum Phvul.007G198400 F-box Nictaba P. vulgaris Sobic.004G340566 F-box Nictaba S. bicolor 
Sotub12g029410 TIR Nictaba S. tuberosum Medtr1g083580 F-box Nictaba M. truncatula Sobic.004G340900 F-box Nictaba S. bicolor 
Sotub12g029420 TIR Nictaba S. tuberosum Medtr1g079260 F-box Nictaba M. truncatula Sobic.004G340800 F-box Nictaba S. bicolor 
Sotub12g029950 F-box Nictaba S. tuberosum Medtr1g078470 Nictaba M. truncatula Sobic.004G340632 F-box Nictaba S. bicolor 
Sotub12g029960 F-box Nictaba S. tuberosum Medtr1g079460 F-box Nictaba M. truncatula Sobic.004G341000 Nictaba Nictaba S. bicolor 
Solyc05g053620 Nictaba S. lycopersicum Medtr1g079180 F-box Nictaba M. truncatula Sobic.005G118800 NB-ARC LRR Nictaba S. bicolor 
 Clade I 
Solyc12g096890 Nictaba S. lycopersicum Medtr1g079200 F-box Nictaba M. truncatula Sobic.004G340500 F-box Nictaba S. bicolor 
Solyc12g098190 F-box Nictaba S. lycopersicum Medtr7g112550 F-box Nictaba M. truncatula Sobic.004G341100 F-box Nictaba S. bicolor 
Solyc04g056680 Nictaba S. lycopersicum Medtr1g079380 F-box Nictaba M. truncatula Sobic.001G375400 F-box Nictaba S. bicolor 
Solyc12g098200 F-box Nictaba S. lycopersicum Medtr1g079370 F-box Nictaba M. truncatula Sobic.005G119100 F-box Nictaba S. bicolor 
Solyc12g096900 TIR Nictaba S. lycopersicum Medtr1g079410 F-box Nictaba M. truncatula GRMZM2G051502 NB-ACR Nictaba Z. mays 
Solyc12g044930 F-box Nictaba S. lycopersicum Medtr1g079140 F-box Nictaba M. truncatula GRMZM2G051541 F-box Nictaba Z. mays 
Solyc05g055870 F-box Nictaba S. lycopersicum Medtr1g079130 Nictaba M. truncatula GRMZM2G099376 F-box Nictaba Z. mays 
Solyc04g050990 F-box Nictaba S. lycopersicum Medtr7g112560 F-box Nictaba M. truncatula GRMZM2G123410 F-box Nictaba Z. mays 
Solyc01g099990 F-box Nictaba S. lycopersicum Medtr1g079850 F-box Nictaba M. truncatula GRMZM5G808853 Nictaba Z. mays 
Solyc01g100000 F-box Nictaba S. lycopersicum Medtr1g100597 F-box Nictaba M. truncatula GRMZM5G862817 F-box Nictaba Z. mays 
Solyc01g100010 F-box Nictaba S. lycopersicum Medtr1g026510 F-box Nictaba M. truncatula Os02g56760 F-box Nictaba Nictaba O. sativa 
Solyc11g006740 Nictaba S. lycopersicum Medtr1g079230 F-box Nictaba M. truncatula Os12g03594 F-box Nictaba O. sativa 
Solyc04g056710 Nictaba S. lycopersicum Medtr4g023570 F-box Nictaba M. truncatula Os12g30180 Protein kinase Nictaba O. sativa 
Solyc10g051160 F-box Nictaba S. lycopersicum Medtr1g100613 F-box Nictaba M. truncatula Os02g56840 F-box Nictaba O. sativa 
Solyc01g106120 Nictaba S. lycopersicum Medtr1g079250 F-box Nictaba M. truncatula Os12g03740 F-box Nictaba O. sativa 
cicar.Ca_01127_gene F-box Nictaba C. arietinum Medtr3g452600 F-box Nictaba M. truncatula Os02g56820 F-box Nictaba Nictaba O. sativa 
cicar.Ca_03652_gene F-box Nictaba C. arietinum Medtr1g079400 F-box Nictaba M. truncatula Os02g56820_2 F-box Nictaba O. sativa 
cicar.Ca_03814_gene F-box Nictaba C. arietinum Medtr1g079240 Nictaba M. truncatula Os02g56800 Nictaba O. sativa 
cicar.Ca_03815_gene F-box Nictaba C. arietinum Medtr1g079350 F-box Nictaba M. truncatula Os02g56750 F-box Nictaba O. sativa 
cicar.Ca_03816_gene F-box Nictaba C. arietinum Medtr7g096300 F-box Nictaba Zeta toxin M. truncatula Os02g56810 F-box Nictaba O. sativa 
C.cajan_06867_gene F-box Nictaba C. cajan Medtr1g076870 Nictaba M. truncatula Os08g05480 F-box Nictaba O. sativa 
C.cajan_07062_gene F-box Nictaba C. cajan Medtr1g079340 F-box Nictaba M. truncatula Os09g01890 Nictaba O. sativa 
C.cajan_07063_gene F-box Nictaba C. cajan Medtr3g006850 F-box Nictaba M. truncatula Os04g21130 F-box Nictaba O. sativa 
Clade II Clade IV Clade IV 
Phvul.007G224700 F-box Nictaba P. vulgaris 
Sotub02g006170 Nictaba S. tuberosum Sotub01g030870 F-box Nictaba S. tuberosum Phvul.010G091000 F-box Nictaba P. vulgaris 
Sotub02g015150 Nictaba S. tuberosum Sotub03g014990 F-box Nictaba S. tuberosum Medtr7g103380 F-box Nictaba M. truncatula 
Sotub02g015160 Nictaba S. tuberosum Sotub08g026400 F-box Nictaba S. tuberosum Medtr4g102770 F-box Nictaba M. truncatula 
Sotub02g015170 Nictaba S. tuberosum Sotub09g011510 F-box Nictaba S. tuberosum Medtr0002s0020 F-box Nictaba M. truncatula 
Solyc02g069030 Nictaba S. lycopersicum Sotub10g016500 F-box Nictaba S. tuberosum Medtr0113s0040 F-box Nictaba M. truncatula 
Solyc02g069020 Nictaba S. lycopersicum Sotub10g023040 F-box Nictaba S. tuberosum Medtr1g101390 F-box Nictaba M. truncatula 
Solyc02g031750 Nictaba S. lycopersicum Sotub10g025390 F-box Nictaba S. tuberosum Medtr5g010800 F-box Nictaba M. truncatula 
Solyc02g069040 Nictaba S. lycopersicum Sotub12g024670 F-box Nictaba S. tuberosum Glyma.03G189500 F-box Nictaba G. max 
cicar.Ca_06532_gene Nictaba C. arietinum Solyc10g085490 F-box Nictaba S. lycopersicum Glyma.05G049400 F-box Nictaba G. max 
cicar.Ca_23346_gene Nictaba C. arietinum Solyc01g091700 F-box Nictaba S. lycopersicum Glyma.03G017000 F-box Nictaba G. max 
 Clade II Clade IV Clade IV 
C.cajan_20025_gene Nictaba C. cajan Solyc09g008820 F-box Nictaba S. lycopersicum Glyma.07G077600 F-box Nictaba G. max 
Lj4g3v0656940 Nictaba L. japonicus Solyc10g017960 F-box Nictaba S. lycopersicum Glyma.09G145700 F-box Nictaba G. max 
Phvul.002G098900 Nictaba P. vulgaris Solyc08g080360 F-box Nictaba S. lycopersicum Glyma.10G064800 F-box Nictaba G. max 
Medtr4g083970 Nictaba M. truncatula Solyc03g026160 Nictaba S. lycopersicum Glyma.10G238700 F-box Nictaba G. max 
Glyma.07G222500 Nictaba G. max Solyc12g056410 F-box Nictaba S. lycopersicum Glyma.13G149600 F-box Nictaba G. max 
Glyma.20G020900 Nictaba Nictaba G. max Solyc10g083730 F-box Nictaba S. lycopersicum Glyma.16G197800 F-box Nictaba G. max 
Glyma.20G021000 Nictaba G. max cicar.Ca_00751_gene F-box Nictaba C. arietinum Glyma.17G131400 F-box Nictaba G. max 
Glyma.20G021200 Nictaba G. max cicar.Ca_02411_gene F-box Nictaba C. arietinum Glyma.20G155700 F-box Nictaba G. max 
Glyma.20G021500 Nictaba G. max cicar.Ca_04496_gene F-box Nictaba C. arietinum Sobic.006G184300 F-box Nictaba S. bicolor 
Sobic.003G062500 Nictaba S. bicolor cicar.Ca_08737_gene F-box Nictaba C. arietinum Sobic.002G270200 F-box Nictaba S. bicolor 
GRMZM2G073693 Nictaba Z. mays cicar.Ca_16392_gene F-box Nictaba C. arietinum Sobic.004G283700 F-box Nictaba S. bicolor 
GRMZM2G173718 Nictaba Z. mays cicar.Ca_24761_gene F-box Nictaba C. arietinum Sobic.001G321500 F-box Nictaba S. bicolor 
Os01g06500 Nictaba O. sativa C.cajan_09910_gene F-box Nictaba C. cajan Sobic.001G532000 F-box Nictaba S. bicolor 
C.cajan_01771_gene F-box Nictaba C. cajan GRMZM2G001639 F-box Nictaba Z. mays 
Clade III C.cajan_07396_gene F-box Nictaba C. cajan GRMZM2G060257 F-box Nictaba Z. mays 
Sotub02g015190 Nictaba S. tuberosum C.cajan_16012_gene F-box Nictaba C. cajan GRMZM2G077069 F-box Nictaba Z. mays 
Sotub02g015200 Nictaba Nictaba S. tuberosum C.cajan_20648_gene F-box Nictaba C. cajan GRMZM2G081032 F-box Nictaba Z. mays 
Sotub02g015240 Nictaba S. tuberosum Lj1g3v4693070 F-box Nictaba L. japonicus GRMZM2G088482 F-box Nictaba Z. mays 
Solyc02g069060 Nictaba S. lycopersicum Lj4g3v1335430 F-box Nictaba L. japonicus GRMZM2G137029 F-box Nictaba Z. mays 
Solyc00g048510 Nictaba S. lycopersicum Lj0g3v0098299 Nictaba L. japonicus GRMZM2G337065 F-box Nictaba Z. mays 
Solyc02g031740 Nictaba S. lycopersicum Lj0g3v0272279 Nictaba L. japonicus GRMZM2G402881 F-box Nictaba Z. mays 
Lj6g3v0521700 Nictaba L. japonicus Lj2g3v0435550 F-box Nictaba L. japonicus Os09g35680 F-box Nictaba O. sativa 
Lj0g3v0066209 Nictaba L. japonicus Lj5g3v2027200 F-box Nictaba L. japonicus Os04g48270 F-box Nictaba O. sativa 
Phvul.009G205500 Nictaba P. vulgaris Phvul.001G185000 F-box Nictaba P. vulgaris Os02g45320 F-box Nictaba O. sativa 
Phvul.009G205600 Nictaba P. vulgaris Phvul.003G212300 F-box Nictaba P. vulgaris Os03g02550 F-box Nictaba O. sativa 
Medtr0026s0010 Nictaba M. truncatula Phvul.004G121100 F-box Nictaba P. vulgaris Os10g37830 F-box Nictaba O. sativa 
Glyma.06G221100 Nictaba G. max Phvul.007G066700 F-box Nictaba P. vulgaris Os02g13160 Nictaba O. sativa 
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Table S2: Overview of gene specific primers 
Target gene Forward primer (5’-3’) Reverse primer (5’-3’) 
NLL1 (Glyma.06G221100) CAATTTTTGCAGATTGTTGAGA TTGGCAAATGAAGAAAACGA 
NLL2 (Glyma.20G020900) ATGGGGGCTTCACAATCAC TTAGTTCTTTGGTTTGATGACAATG 
NLL3 (Glyma.20G021000) ATGGGAGGTTGTCTATCATCG TTAGTTCTTTGGTTTGATGACAACA 
Table S3: Overview of primers used in molecular cloning 
Target gene/sequence Primer 5’-3’ sequence 
attB1 and attB2 adaptor sites 
evd 2 GGGGACAAGTTTGTACAAAAAAGCAGGCT 
evd 4 GGGGACCACTTTGTACAAGAAAGCTGGGT 
Forward gene specific NLL1 primer 
containing part of the attB1 site 
evd 1022 AAAAAGCAGGCTTCACCATGCCTTTCAAGAAGCCTCA 
Reverse gene specific NLL1 primer 
without stop codon and containing 
part of the attB2 site 
evd 1023 AGAAAGCTGGGTGAGTTAAAGGTTTGATGAGGG 
Forward gene specific NLL2 primer 
containing part of the attB1 site 
evd 1024 AAAAAGCAGGCTTCACCATGGGGGCTTCACAATCAC 
Reverse gene specific NLL2 primer 
without stop codon and containing 
part of the attB2 site 
evd 1025 AGAAAGCTGGGTGGTTCTTTGGTTTGATGACAATG 
Forward gene specific NLL3 primer 
containing part of the attB1 site 
evd 1026 AAAAAGCAGGCTTCACCATGGGAGGTTGTCTATCATCG 
Reverse gene specific NLL3 primer 
without stop codon and containing 
part of the attB2 site 
evd 1027 AGAAAGCTGGGTGGTTCTTTGGTTTGATGACAACA 
Reverse gene specific NLL1 primer 
containing part of the attB2 site 
evd 1032 AGAAAGCTGGGTGTTAAGTTAAAGGTTTGATGAGGG 
Reverse gene specific NLL2 primer 
containing part of the attB2 site 
evd 1033 AGAAAGCTGGGTGTTAGTTCTTTGGTTTGATGACAATG 
Reverse gene specific NLL3 primer 
containing part of the attB2 site 
evd 1034 AGAAAGCTGGGTGTTAGTTCTTTGGTTTGATGACAACA 
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Table S4: Overview of gene specific primers used for RT-qPCR 
Target gene Forward primer (5’-3’) Reverse primer (5’-3’) 
NLL1 (Glyma.06G221100) AACCCTGGTGAAACCTTGAA TTTCCGCTCCACACTTCATA 
NLL2 (Glyma.20G020900) TGCCAACAACACCAATTCTT TCGTGCCACTTGCTTCTTTA 
NLL3 (Glyma.20G021000) GCGTGGGAAATTTGACATTA GGAACTTCCCAACCTTCAGA 
SBA (Glyma.02G012600) CTTGGGATCCACCAAATCC GTTGGCCAAATCCCAAGAC 
SVL (Glyma.02G156800) CGTTGAAACCCATGATGTGA TGAGCACAAAGCTTGGAAGA 
UKN1 (Glyma.12G020500) TGGTGCTGCCGCTATTTACTG GGTGGAAGGAACTGCTAACAATC 
SKIP16 (Glyma.12G051100) GAGCCCAAGACATTGCGAGAG CGGAAGCGGAAGAACTGAACC 
Act11 (Glyma.18G290800) ATCTTGACTGAGCGTGGTTATTCC GCTGGTCCTGGCTGTCTCC 
60s (Glyma.13G318800) AAAGTGGACCAAGGCATATCGTCG TCAGGACATTCTCCGCAAGATTCC 
ABC (Glyma.12G020500) GATCAGCAATTATGCACAACG CCGCCACCATTCAGATTATGT 
Fbox (Glyma.12G051100) AGATAGGGAAATTGTGCAGGT CTAATGGCAATTGCAGCTCTC 
IDE (Glyma.03G137100) ATGAATGACGGTTCCCATGTA GGCATTAAGGCAGCTCACTCT 
Act2 (AT3G18780) GATGAGGCAGGTCCAGGAATC GTTTGTCACACACAAGTGCATC 
PEX4 (AT5G25760) TGCAACCTCCTCAAGTTCG CACAGACTGAAGCGTCCAAG 
OprF (PSPTO_2299) AACTGAAAAACACCTTGGGC CCTGGGTTGTTGAAGTGGTA 
Table S5: Mean Cq value of the reference genes and the GmNLL genes in all analysed 
tissues 
Gene Mean Cq ± Stdev 
Act11 20.1 ± 2.2 
UKN1 22.4 ± 2.9 
SKIP16 20.7 ± 2.4 
NLL1 21.1 ± 3.8 
NLL2 26.0 ± 3.7 
NLL3 25.9 ± 4.0 
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Table S6: Reference genes used in the stress experiments 
Experiment Reference genes Reference 
Aphis glycines infestation Act11, SKIP16, IDE Libault et al., 2008; Hu et al., 2009 
Phytophthora sojae infection Act11, SKIP16, IDE Libault et al., 2008; Hu et al., 2009 
NaCl treatment 60s, SKIP16, Fbox Hu et al., 2009; Le et al., 2012 
ABA treatment 60s,ABC, Fbox Le et al., 2012 
JA treatment Act11, SKIP16, UNK1 Hu et al., 2009 
SA treatment Act11, SKIP16, UKN1 Hu et al., 2009 
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Supplementary figures 
Figure S1: Relative transcript levels of GmNLLs in leaf (A) and root (B) tissues upon ABA 
application were determined by RT-qPCR analysis of three biological replicates. Bars 
represent the mean ± SE and asterisks indicate significant differences compared to the control 
treatment at the indicated time points (assessed with the pair wise fixed reallocation 
randomization test; * p<0.05, ** p<0.01, *** p<0.001). 
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Figure S2: Relative transcript levels of GmNLLs in leaf (A) and root (B) tissues upon SA 
treatment were determined by RT-qPCR analysis of three biological replicates. Bars 
represent the mean ± SE and asterisks indicate significant differences compared to the control 
treatment at the indicated time points (assessed with the pair wise fixed reallocation 
randomization test; * p<0.05, ** p<0.01, *** p<0.001). 
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Figure S3: Relative expression levels of GmNLLs in leaf (A) and root (B) tissues upon MeJA 
treatment were determined by RT-qPCR of three biological replicates. Bars represent the 
mean ± SE and asterisks indicate significant differences compared to the control treatment at the 
indicated time points (assessed with the pair wise fixed reallocation randomization test; * 
p<0.05, ** p<0.01, *** p<0.001). 
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zelfgemaakte koffiekoeken op vrijdagochtend vielen in de smaak Sarah! Succes met jullie 
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